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Preface 

Some  30  years  ago  an  informal  meeting  of  the  few  Nordic  specialists  in  semiconductor  physics  marked  the  beginning  of 
what  has  become  a  biannual  meeting  of  some  hundred  physicists  and  physics  students  from  all  the  Nordic  countries.  The 
16th  Nordic  Semiconductor  Meeting  took  place  at  Laugarvatn,  Iceland,  June  12-15, 1994. 

As  a  regional  meeting  the  Nordic  Semiconductor  meeting  has  three  characteristic  features  all  of  which  distinguish  it  from 
more  traditional  international  meetings  in  the  field.  First,  it  has  the  purpose  of  promoting  Nordic  cooperation  in  the 
international  field  of  semiconductor  physics.  Research  in  the  fields  of  advanced  science  and  technology  in  the  Nordic 
countries  is  likely  to  benefit  from  joining  national  forces  before  participating  in  the  increasing  European  integration. 
Second,  there  is  an  unusually  large  fraction  of  graduate  students  amongst  the  participants  of  the  Nordic  Semiconductor 
Meeting.  In  fact,  attending  this  conference  is  traditionally  a  part  of  the  graduate  program  in  semiconductor  physics  and 
technology.  The  Nordic  Semiconductor  Meeting  is  often  the  first  conference  of  international  character  that  graduate  stu¬ 
dents  attend  in  order  to  present  a  paper  of  poster.  Third,  there  is  an  interdisciplinary  quality  of  the  meeting  which  is 
normally  not  the  case  for  meetings  of  this  size.  In  particular,  the  number  of  professional  scientists  from  industry  is  compar¬ 
able  to  the  number  of  their  academic  colleagues.  This  is  important  for  both  groups,  but  perhaps  the  graduate  students 
benefit  most  from  presenting  their  results  to  both  groups. 

The  16th  Nordic  Semiconductor  Meeting,  the  first  one  in  this  series  held  in  Iceland,  attracted  129  active  participants.  The 
scientific  programme  was  divided  in  twelve  oral  sessions.  A  novelty  of  this  meeting  was  the  emphasis  on  more  fundamental 
physics  in  one  of  the  two  parallel  sessions  but  more  applied  topics  in  the  other,  although  the  distinction  was  sometimes  a 
matter  of  predilection.  A  poster  session  including  both  basic  and  applied  physics  was  also  organized.  Most  of  the  oral 
sessions  included  an  invited  lecture.  The  invited  speakers  were  all  of  high  international  class,  five  of  them  working  in  the 
Nordic  countries,  Sami  Franssila,  Finland,  Jostein  Grepstad,  Norway,  Jorn  Hvam,  Denmark,  Erik  Janzen  and  Lars  Sam- 
uelson,  Sweden.  The  other  five  represented  a  wider  geographical  spread,  Klaus  von  Klitzing  and  Detlef  Heitmann, 
Germany,  Gordon  Davies,  United  Kingdom,  Markus  Biittiker  and  Chris  Palmstrom,  U.S.A.  Attendees  from  China,  Japan, 
Switzerland,  the  Netherlands  and  Lithuania  also  participated  in  the  conference.  In  addition  to  the  invited  lectures  some  100 
oral  papers  and  25  posters  were  contributed. 

Another  novelty  of  the  conference  is  the  fact  that  the  proceedings  of  the  conference  are  being  published  in  a  refereed 
journal.  These  proceedings  contain  all  the  invited  and  contributed  papers  the  authors  of  which  complied  with  the  deadline 
of  submission  of  the  manuscripts.  The  editors  paid  special  attention  to  prompt  publication  of  the  proceedings  in  order  to 
promote  the  actuality  of  the  results  presented  at  the  conference.  Therefore,  the  deadline  was  strict,  all  of  the  papers  were 
refereed  during  the  conference.  Changes  suggested  by  the  referees  were  either  made  at  Laugarvatn  or  within  three  weeks 
from  the  conference.  We  are  grateful  to  the  international  crowd  of  session  chairmen  who  assumed  the  task  of  refereeing  the 
papers,  either  themselves  or  with  the  help  of  colleagues.  Without  their  impressive  qualifications  this  procedure  would  not 
have  been  as  reliable  as  the  quality  of  the  papers  deserved.  We  also  want  to  thank  the  editorial  staff  of  Physica  Scripta  for 
their  help  and  cooperation. 

It  is  our  hope  that  the  16th  Nordic  Semiconductor  Meeting  succeeded  in  keeping  the  tradition  of  a  popular  conference 
series  at  the  same  time  as  modifying  slightly  the  emphasis  which  may  strengthen  future  meetings.  Time  will  tell.  In  the 
meantime,  we  thank  all  the  participants  for  their  contributions.  We  are  grateful  to  the  sponsors  listed  below.  Their  support 
made  the  conference  possible.  Last,  but  not  least,  we  acknowledge  the  work  of  Gerlinde  Xander  and  all  the  students  and 
co-workers  who  attended  to  countless  details. 

Reykjavik  18.7.  1994 

HafliSi  Petur  Gislason 
Vi6ar  GuSmundsson 
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Abstract 

When  an  exciton  is  bound  on  an  isoelectronic  centre,  one  particle  (electron 
or  hole)  may  be  severely  localised  on  the  centre.  In  this  paper  attention  is 
drawn  to  the  importance  of  the  lattice  relaxations  stimulated  by  this  local¬ 
ised  charge  density.  Two  examples  are  discussed  in  detail  for  centres  where 
the  exciton  binding  is  produced  primarily  by  the  relaxation.  It  is  shown 
that  Jahn-Teller  theory  applied  to  the  tightly  bound  particle  allows  a  very 
precise  understanding  of  the  efifects  of  external  perturbations  on  the  bound 
exciton. 

1.  Introduction 

Luminescence  from  isoelectronic  centres  has  been  investi¬ 
gated  for  over  three  decades  [1].  One  motivation  has  been 
the  very  high  quantum  efficiency  of  the  centres,  which 
results  from  the  centres  having  the  same  valence  properties 
as  the  host  atoms  -  recombination  of  an  exciton  leaves  the 
centre  in  a  “particle-free’*  state,  in  contrast  to  the  recombi¬ 
nation  of  an  exciton  at  a  charged  centre  where  the  addi¬ 
tional  charge  may  be  excited  in  a  non-radiative  (e.g.  Auger) 
process.  However,  despite  the  considerable  studies  of  these 
centres,  it  is  still  not  clear  how  their  excited  states  are  bound 
on  the  centres  [2].  The  prevalent  view  is  that  one  particle 
(electron  or  hole)  is  bound  by  a  short-range  potential  and 
the  second  (hole  or  electron)  is  trapped  in  the  Coulomb  field 
of  the  first  [3].  The  second  particle  may  then  have  a  quasi- 
Rydberg  series  of  excited  states,  and  such  a  series  has  been 
observed  at  some  centres  [4].  It  has  long  been  recognised 
that  modifications  to  the  exciton  structure  occur  when  the 
symmetry  of  the  “centre  is  lower  than  tetrahedral,  and  the 
axial  properties  may  be  described  by  a  local  strain  field,  as 
discussed  by  Gislason  et  al.  [5].  In  this  paper  we  introduce  a 
further  concept  where  the  local  strain  is  produced  by  the 
presence  of  the  exciton.  We  will  discuss  two  examples  of 
isoelectronic  centres  in  silicon  which  illustrate  some  of  the 
consequences  of  the  lattice  relaxations. 

2.  A  simple  description 

The  Hopfield-Thomas-Lynch  model  of  bound  excitons  [3] 
assumes  that  one  particle  (say  the  electron)  is  spatially 
located  on  the  core  of  the  isoelectronic  centre,  the  binding 
being  derived  possibly  from  the  change  in  electron  affinity  at 
the  centre.  The  second  particle  (the  hole)  is  then  bound  by 
the  Coulomb  field  of  the  electron.  Since  the  electron  is 
highly  localised,  its  charge  density  is  approximately  point¬ 
like  on  the  scale  of  the  hole  orbital,  and  the  hole  orbits  in  an 
approximately  effective-mass-like  state. 

At  this  stage  we  introduce  an  ingredient  which  does  not 
seem  to  have  been  explicitly  discussed  before  in  the  context 
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of  binding  the  exciton.  The  high  charge  density  of  the  local¬ 
ised  electron  will  force  a  local  lattice  relaxation.  For  a 
simple  general  discussion  we  consider  first  only  hydrostatic 
deformations.  A  uniform  hydrostatic  deformation  (F 
—  IqV^o  of  the  correct  sign  reduces  the  energy  of  the  elec¬ 
tron  by  /l(cii  -I-  2c  12X1^  —  fo)/3Fo  where  A  is  the  change  in 
electron  energy  per  unit  hydrostatic  pressure.  Consequently 
the  energy  of  the  electron  is  reduced  if  the  lattice  deforms 
over  the  volume  Vq  occupied  by  the  electron  orbital.  In  the 
lattice-continuum  approximation,  the  elastic  energy 
required  for  this  deformation  is  (c^  -b  2ci2X^  ~  fo)V6Fo, 
assuming  it  is  a  uniform  deformation.  The  total  energy  E  of 
the  electron  plus  the  deformed  lattice  is 

E  =  (cii  -b  2ci2)[(F  -  Vo)V6Vo  +  A{V  -  Fo)/3Fo],  (1) 

and  is  minimised  (for  a  given  Fq)  at  F  —  Fq  =  —  A,  when 
£«.„= -(cii+2ci2)AV6Fo.  (2) 

The  energy  saved  by  the  deformation  increases  as  Fq 
decreases,  so  that  the  lattice  relaxation  tends  to  increase  the 
localisation  of  the  electron.  However,  the  limit  F0-+O  is 
prohibited  by  the  increasing  kinetic  energy  of  the  localised 
electron. 

A  useful  qualitative  picture  is  that  the  energy  reduction  is 
produced  by  the  local  strain  acting  on  the  one  electron,  but 
to  generate  that  strain  involves  deforming  n  chemical  bonds 
within  the  extent  of  the  electron  orbital;  the  smaller  n  and 
the  larger  the  strain  that  can  be  produced.  Consequently 
self-binding  effects  can  only  occur  when  at  least  one  particle 
is  in  a  small  orbital. 

To  illustrate  the  potential  importance  of  lattice  relax¬ 
ations  for  a  real  centre,  suppose  that  the  isoelectronic  centre 
has  one  substitutional  impurity  atom,  and  that  the  electron 
is  sufficiently  localised  that  the  lattice  deformation  is  limited 
to  the  four  nearest  neighbom  atoms.  We  label  these  atoms 
as  a,  b,  c,  d  at  coordinates  111,  111,  111,  111.  The  hydro¬ 
static  breathing  mode  with  a  coordinate  Q  defined  by 

Q  =  (-Xa  +  Xi  +  x,-Xi  +  y^-yt  +  y,-yi 

+  +  Zi,  -  z,  -  (3) 

has  an  effective  mass  equal  to  the  mass  M  of  one  atom.  A 
hydrostatic  stress  s  produces  a  movement  Q  =  2/s/(cii 
+  2c  12)  where  I  is  the  interatomic  spacing.  This  movement 
increases  the  elastic  energy  by  jMco^Q^,  but  decreases  the 
electron  energy  by  3A(cii  Stability  is  reached 

when  the  total  energy  is  reduced  by 

A£  =  9A\ci2  2ci2)V8M/W,  (4) 

where  a>  is  the  angular  frequency  of  the  breathing  mode.  We 
take  A  =  3meV/GPa  and  a»  =  3.2  x  lO^^s"^  (both  values 
derived  below  from  experiment),  and  use  the  perfect  lattice 
values  for  the  interatomic  spacing  I  (0.234  nm)  and  the 
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elastic  constants  Cn  +  2ci2  (298  GPa).  The  calculated  value 
of  AE  =  55  meV  shows  that  the  lattice  relaxation  produced 
by  the  electron  can  be  a  considerable  contribution  to  its 
binding  energy,  even  for  the  relatively  small  value  of  the 
deformation  potential  A  used  here,  as  long  as  the  electron  is 
sufficiently  localised. 

All  this  discussion  can  be  rephrased  for  the  alternative 
case  of  a  hole-attractive  centre,  for  which  the  electron  is  the 
effective-mass-like  particle,  and  we  will  consider  examples  of 
both  types  of  centre.  We  note  that  when  the  electron  and 
hole  recombine,  the  high  charge  density  of  the  localised  par¬ 
ticle  is  removed,  so  that  the  source  of  the  lattice  relaxation 
disappears.  The  properties  of  the  vibronic  sideband  produc¬ 
ed  by  the  luminescence  transition  give  us  information  on  the 
lattice  relaxation,  as  we  see  next. 

3.  The  “ABC”  centre  -  an  electron  trap 

One  well-known  centre  in  silicon,  refered  to  as  the  ABC 
centre,  produces  luminescence  with  zero-phonon  lines  at 
1 122.3  meV  at  low  temperature,  corresponding  to  an  exciton 
binding  energy  (measured  from  the  free  exciton  level)  of 
32.9  me V  [6].  Its  chemical  origin  is  not  certain,  except  that 
the  centre  contains  nitrogen  [7].  The  luminescence  band. 
Fig.  1,  has  a  vibronic  sideband  with  a  centroid  35  ±  3  meV 
below  the  zero-phonon  line  -  from  standard  vibronic  theory 
[8]  this  energy  is  the  lattice  relaxation  AE  of  eq.  (4).  The 
vibronic  sideband  has  a  dominant  peak  at 
(0  =  3.2  X  s“^  (the  value  used  in  Section  2)  which  is  not 
a  critical  point  in  the  phonon  distribution  [9],  and  phonons 
with  a  wide  range  of  wavevectors  are  present  in  the  phonon 
sideband  (Fig.  1).  This  spread  in  wavevectors  implies  that 
we  are  dealing  with  a  transition  involving  a  highly  localised 
state. 

Since  we  are  interested  in  the  effects  of  lattice  relaxations 
on  the  excited  states,  we  consider  the  effects  of  externally 
applied,  controlled  uniaxial  stresses  on  the  zero-phonon 
optical  transitions.  Sample  data  are  shown  in  Fig.  2  for  the 
effects  of  <001)  compressions.  The  points  [10]  show  the 
effects  of  stress  as  measured  at  20  K  (to  give  adequate  popu¬ 
lation  of  the  higher  excited  states),  and  the  lines  are  a  calcu¬ 
lated  fit  (taking  into  account  the  effects  also  of  <111>  and 
<110>  compressions).  The  fit  is  based  on  a  model  in  which 
an  electron  is  tightly  bound  in  a  non-degenerate  orbital 
state,  and  the  hole  is  weakly  bound.  The  6  conduction  band 
minima,  denoted  X,  X  ...  Z,  form  states  transforming  as  Aj, 
E,  and  T2  in  the  T^  point  group  of  a  substitutional  atom. 
For  an  electron-attractive  centre  we  expect  the  Ai  state  to 
be  lowest  in  energy  (as  for  a  substitutional  donor),  and  the 
fit  in  Fig.  2  (made  with  this  assumption)  shows  this  to  be  the 
case  for  the  ABC  centre.  Zeeman  measurements  [6]  on  the 
luminescence  emitted  by  the  bound  exciton  show  that  it  is 
trapped  on  the  centre  in  a  trigonal  symmetry.  In  trigonal 
symmetry  the  A^  electron  state  may  be  perturbed  in  first 
order  by  the  hydrostatic  component  (s„  -I-  Syy  -I-  s„)  of  the 
stress.  Group  theory  also  allows  perturbation  by  a 
symmetry-maintaining  compression  along  the  trigonal  axis, 
(s^y  -I-  Sy^  -I-  SjJ.  However,  sheer  stresses  have  no  effect  on 
the  conduction  band  minima  of  silicon,  and  so  the  electron 
cannot  be  perturbed  by  any  symmetry  lowering  stresses. 
The  result  is  that  no  information  can  be  derived  about  the 
trigonal  distortion  from  the  effects  of  stress  on  the  tightly- 


Photon  energy  (meV) 

Fig.  1.  Photoluminescence  recorded  at  20  K  from  the  “ABC”  isoelectronic 
centre  in  silicon.  Zero-phonon  lines  A  and  C  produce  the  uniaxial  stress 
splittings  shown  in  Fig.  2.  Superimposed  on  the  acoustic  phonon  sideband 
is  emission  from  the  free  excitons  (with  the  involvement  of  one  transverse 
optic  phonon),  and  the  baseline  for  this  emission  is  indicated.  (This  baseline 
is  confirmed  by  the  bandshape  of  the  ABC  system  at  low  temperature).  The 
extent  of  the  one-phonon  sideband  is  shown  by  the  sharp  cutoff  at  the 
Raman  phonon,  indicated  by  “R”.  Experimental  data  by  M.  Zafar  Iqbal 
[10]. 

bound  electron,  even  though  it  may  be  orbitting  in  a  highly 
deformed  region  of  the  crystal. 

The  trigonal  symmetry  splits  the  rrij  =  f  valence  band 
states  [5],  and  is  primarily  responsible  for  the  3meV  split¬ 
ting  observed  at  zero  stress.  All  the  stress-induced  splitting 
on  Fig.  2  derives  from  the  perturbation  of  the  hole  by  the 
stresses.  The  fit  is  achieved  with  the  deformation  potentials 
of  the  hole  being  within  25%  of  those  of  the  valence  band 
states  [11];  the  small  change  would  be  consistent  with  the 
hole  being  relatively  de-localised.  Small  deviations  could 
occur  simply  from  local  changes  in  the  elastic  constants  as 
well  as  from  the  modifications  of  the  hole’s  properties  pro¬ 
duced  by  its  being  bound.  The  fit  on  Fig.  2  uses  a  hydro¬ 
static  response  for  all  the  states  of  3  meV/GPa,  and  the  fact 
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Compressive  stress  (MPa) 

Fig.  2.  Effects  of  uniaxial  stresses  on  the  A  (1122  me V)  and  C  (1125  me V) 
zero-phonon  lines,  as  recorded  at  20  K  for  compressions  along  the  <001) 
axis.  The  lines  are  the  calculated  effects  of  stresses  on  those  transitions 
which  are  predicted  to  be  optically  allowed.  The  B  line,  with  zero-stress 
value  near  1121  me V,  is  induced  by  the  stresses.  Experimental  data  by  M. 
Zafar  Iqbal  [10]. 

that  the  same  value  can  be  used  for  all  the  transitions  is 
consistent  with  the  common  parentage  of  all  the  states. 

The  3  meV  splitting  at  zero  applied  stress  is  equivalent  to 
a  compression  along  <11 1>  of  about  94  MPa,  and  presum¬ 
ably  reflects  the  <11 1>  axis  of  the  core  of  the  centre,  as  seen 
by  the  relative  delocalised  hole.  Paradoxically,  in  this 
example  the  tightly  bound  particle  (the  electron)  gives  no 
symmetry  information  about  the  core  of  the  centre,  because 
it  has  no  response  to  symmetry-lowering  stresses.  However, 
in  some  cases  the  tightly  bound  particle  can  indicate  a  sym¬ 
metry  which  is  quite  different  from  the  symmetry  of  the 
centre  in  its  relaxed  ground  state,  as  is  shown  in  the  second 
example. 

4.  The  4-Li  “Q”  centre  -  a  hole  trap 

Luminescence  with  zero-phonon  lines  at  1044  and  1045  meV 
is  observed  in  Li-doped  silicon  after  radiation  damage.  Fig. 
3  [12].  Isotope  doping  studies  have  shown  that  the  centre 
contains  4  Li  atoms  [13].  First-principles  calculations 
suggest  that  the  ground  state  of  the  complex  has  T^  sym¬ 
metry  [14],  but  uniaxial  stress  measurements  on  the  optical 
transitions  indicate  unambiguously  a  trigonal  symmetry 
[15].  Relevant  data  are  reproduced  in  Fig.  4.  Before  dis¬ 
cussing  them  we  note  that  the  binding  energy  relative  to  the 
free  exciton  is  llOmeV,  and  the  centroid  of  the  lumines¬ 
cence  band  is  100  meV  below  the  zero-phonon  lines  -  as  for 
the  ABC  centre,  the  binding  appears  to  originate  mainly 
from  the  vibronic  relaxation. 

The  vibronic  relaxation  may  involve  atomic  motion 
which  is  totally  symmetric  in  the  original  T<j  point  group, 
and  it  may  involve  deformations  along  a  <11 1>  axis  to 


Photon  energy  (meV) 

Fig.  3.  Vibronic  bandsbape  of  the  Li-related  “Q”  transition,  recorded  at 
6K,  after  Ref.  [13].  The  zero-phonon  lines  are  labelled  Q  (“S  =  0”  line)  Ql 
(“S  =  1”  line)  and  for  luminescence  from  the  valley-orbit  split-off  elec¬ 
tron  state.  The  extent  of  the  one-phonon  sideband  is  shown  by  the  sharp 
cutoff  at  the  Raman  phonon,  indicated  by  ‘R’.  Peaks  A,  B,  C  are  resonance 
modes  produced  by  the  Li  atoms. 

produce  the  observed  trigonal  symmetry.  We  can  establish 
that  it  is  predominantly  trigonal.  Zeeman  measurements 
show  that  the  lowest  energy  transition  at  1044  meV  is  from 
an  excited  state  which  appears,  at  the  spectral  resolution,  to 
be  a  spin  triplet  (S  =  1)  to  a  spin  zero  ground  state,  while 
the  1045  meV  line  is  from  an  “S  =  0”  excited  state  to  the 


Compressive  stress  (MPa) 

Fig.  4.  The  points  show  the  effects  of  uniaxial  stresses  on  the  Li-related  Q 
line  (1045meV),  Q,,  line  (1044meV)  and  the  valley-orbit  state  Qh 
(1048meV)  for  (a)  <001>  and  (b)  <111>  compressions  [15].  The  lines  are 
calculated  as  described  in  Section  4.  Thicker  lines  are  for  transitions  origin¬ 
ating  (at  low  stresses)  in  the  “S  =  0”  states,  and  thinner  lines  for  “S  =  1” 
states. 
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same  spin  zero  ground  state  [16],  The  spin  states  are  imme¬ 
diate  evidence  that  the  orbital  angular  momentum  of  the 
hole  has  been  quenched,  that  is,  that  the  hole  is  in  an  axial 
field  (with  <11 1>  orientation)  at  the  centre  [5].  To  estimate 
the  strength  of  the  axial  field  we  represent  the  valence  band 
of  silicon  by  the  three  degenerate  orbital  states  Px,  Py,  Pz 
states;  these  states  are  mixed  by  the  spin-orbit  interaction  to 
produce  the  7  =  1  and  5  valence  band  maxima.  For 
example,  the  7  =  2,  trij  —  j  state  has  the  form  (Px 

+  iPyU  -  y/sPzl  and  the  7  =  ntj  =  j  state  is  y/j  (Px 
+  iPy)!  +  vi Pz\-  We  can  recover  a  pure  Pzt  state  by 
taking  the  combination  (|,  j)  —  (f,  2).  For  signifi¬ 

cant  quenching  of  the  orbital  angular  momentum,  the  axial 
field  at  the  centre  must  be  large  compared  to  the  spin-orbit 
interaction  (44meV  for  the  valence  band  of  Si).  Using  a  per¬ 
turbation  V  which  is  diagonal  in  the  Px,  Py,  Pz  set,  so  that 
(Px,  VPx)  =  {Py,  FPy)  =  -Q,  (Pz,  FPz)  =  2Q,  we  can  cal¬ 
culate  the  mixture  of  the  7,  rrij  states  by  this  perturbation, 
and  hence  calculate  the  strength  of  the  optical  transitions 
from  an  electron  in  a  totally  symmetric  orbital.  The  result  is 
shown  in  Fig.  5,  where  allowance  has  been  made  for  the 
different  trigonal  orientations  in  the  crystal.  The  points  are 
the  observed  relative  strengths  of  the  “S  =  1”  to  “S  =  0” 
transitions  for  a  series  of  Li-related  and  S-related  bands, 
with  the  perturbation  taken  to  be  equal  to  the  observed 
binding  energy,  i.e.  the  energy  difference  of  the  free  exciton 
and  the  zero-phonon  line.  For  the  4-Li  centre  (labelled  Q 
on  Fig.  5)  the  axial  perturbation  required  to  produce  the 
observed  transition  ratio  of  1/70  [16]  is  closely  equal  to  the 
total  binding  energy,  which  we  have  seen  is  equal  to  the 
relaxation  energy  -  the  atomic  relaxation  produced  by 
binding  the  hole  is  essentially  all  axial. 

We  now  have  a  picture  for  the  bound  exciton  as  consist¬ 
ing  of  a  hole,  which  is  tightly  bound  by  about  100  meV  in 


Binding  energy  (meV) 

Fig.  5.  Points  show  the  ratios  of  the  “S  =1”  and  “S  =  0”  zero-phonon 
lines  for  a  series  of  similar  Li-related  vibronic  bands  in  silicon  [21],  with 
the  Li-related  band  discussed  in  section  4  labelled  Q  [20].  The  exciton 
binding  energy  is  the  difference  between  the  free-exciton  energy  and  the 
observed  zero-phonon  line.  The  line  shows  the  calculated  ratio  assuming  a 
44meV  valence-band  spin-orbit  coupling,  and  equating  all  the  binding 
energy  to  the  axial  component. 


the  <11 1>  axial  field  of  the  centre,  plus  an  electron  in  rela¬ 
tively  shallow  states,  bound  by  the  Coulomb  field  of  the 
trapped  hole.  As  for  the  ABC  centre,  the  6  lowest  conduc¬ 
tion  band  states  of  the  electron  transform  as  Aj,  E,  and  Tj 
in  the  T^  symmetry  of  the  unrelaxed  centre.  It  turns  out  that 
the  ordering  is  that  the  E  state  is  lowest  in  energy  and  the 
Ai  state  next.  These  states  are  not  affected  by  the  trigonal 
field  of  the  centre  (except  for  a  possible  shift  in  their  energy 
centroid).  However,  a  <001  >  compression  produces  a  shift 
As  from  the  hydrostatic  component  of  the  stress  and  addi¬ 
tionally  the  E  and  electron  states  are  perturbed  accord¬ 
ing  to  the  matrix  [17] 


Ee 

E. 


Ee 

—  Bel  *9 

B,,s, 


'^1  |_~\/2Bel®9 


Ee 

BelSe 

BeiSe 

y/^BgiS^ 


—y/lB^jSe 
—  yjlBgl  Sj 

Ea 


(5) 


Here  the  origin  of  the  energy  is  the  E  state  and  the  Aj  state 
lies  above  it  at  zero  stress.  In  terms  of  the  stress  tensors 
Sy  defined  with  respect  to  the  crystal’s  cijbe  axes, 

Se  =  25^2  S^^  Syy,  Sj  =  >y3(Sxjc  ~  Syy)-  (6) 

Only  one  parameter,  B^,,  controls  the  splitting  of  the  E 
state  and  its  coupling  to  the  Aj  state.  The  lines  on  Fig.  4(a) 
have  been  drawn  with  =  13meV/GPa,  similar  to  the 
value  of  llmeV/GPa  for  the  conduction  band  states  [11], 
confirming  that  the  shallow-electron  approach  is  correct, 
and  rationalising  the  existence  of  the  1048  me V  optical  tran¬ 
sition  as  the  Ai  electron  state.  The  hydrostatic  term  is 
A  —  4.25  meV/GPa  similar  to  the  value  for  the  exciton 
bound  to  the  ABC  centre.  Section  3. 

Under  <11 1>  stress,  the  electron  states  are  not  split,  and 
all  the  splittings  on  Fig.  4(b)  arise  from  the  hole.  Because  the 
axial  perturbation  (~100meV)  considerably  exceeds  the 
spin-orbit  coupling  (of  44meV)  we  can  use  a  very  simple 
description  of  the  stress  effects  in  which  we  ignore  the  spin- 
orbit  interaction.  The  valence  band  is  then  represented  by 
three  degenerate  orbitals,  p^,  Py,  Pz  where  we  use  the  con¬ 
ventional  cubic  axes  x,  y,  z  of  the  crystal.  The  non¬ 
degenerate  hole  state  for  the  [111]  centre  is  the  linear 
combination  (p,  +  Py  +  pJ/\/3.  An  external  compressive 
stress  s  along  [111]  perturbs  the  centre  by  As -I- 2Cs/3 
where  the  first  term  is  for  the  hydrostatic  component  and  C 
defines  the  coupling  of  Pj  and  pj  by  a  sheer  stress  Sy  ^  Csy . 
Similarly  the  hole  at  a  centre  oriented  along  [111]  is 
expected  to  be  perturbed  by  As  —  2Cs/9.  To  fit  the  points 
on  Fig.  4(b)  requires  C  =  32.6meV/GPa,  considerably 
reduced  from  the  valence  band  value  of  C„  =  52meV/GPa 
[11]. 

To  understand  the  reduction  we  introduce  the  language 
of  the  Jahn-Teller  effect.  A  triply  degenerate  Tj  state  (the  p 
orbitals)  in  Tj  symmetry  can  couple  to  a  mode  of  vibration 
which  transforms  as  Tz .  The  coupling  leaves  a  Tj  lowest  in 
energy,  but  this  is  now  a  vibronic  level,  rather  than  a  purely 
electronic  level.  An  Aj  level  from  the  first  vibrational  level 
at  zero-coupling  lies  an  energy  4^  above  the  lowest  level, 
where  [18] 

4/?  ~  132Ejt  exp  ( -  L24Ejj./hco).  (7) 

In  the  limit  of  strong  coupling,  when  the  relaxation  energy 
£j7--»go,  a  four-fold  degenerate  ground  state  is  obtained. 
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corresponding  to  distortions  of  the  centre  along  the  four 
<111>  axes.  For  the  Li-related  centre,  Ej-p  ~  llOmeV,  and 
taking  the  effective  vibrational  mode  to  have  a  quantum 
tuo  =  25  meV  (as  a  rough  mean  of  the  one-phonon  quanta 
in  Fig.  3),  Ejj/hco  =  4.4,  and  the  strong-coupling  limit  has 
almost  been  reached.  Because  the  electronic  ground  state  is 
replaced  by  a  vibronic  ground  state  spread  out  over  the  four 
distortion  axes,  the  effect  of  a  given  perturbation  on  the 
lowest  vibronic  level  is  reduced  relative  to  its  effect  on  the 
purely  electronic  states.  The  reduction  factor  for  a  sheer 
stress  is  ^(rj)  =  2/3  for  strong  coupling  (and  is  correct  to 
within  a  few  percent  for  the  finite  coupling  here.  Ref.  [19]). 
The  effect  of  sheer  stresses  on  the  valence  band,  C„  = 
52meV/GPa,  will  therefore  be  reduced  to  C  =  34.7meV/ 
GPa  for  the  trapped  hole,  very  close  to  the  value  derived  in 
the  last  paragraph.  Both  the  electron  and  hole  behaviour 
can  thus  be  understood  with  remarkable  precision  simply  in 
terms  of  the  deformation  potentials  of  the  band  edges. 

Evaluating  eq.  (7),  the  tunneling  splitting  4p  ~  0.62  me V. 
There  are  no  data  on  this  value.  (It  is  not  observed  optically, 
and  will  be  too  close  to  the  zero-phonon  line  to  be  readily 
detected  in  a  stress  experiment).  Using  this  value  as  a  guide, 
we  can  estimate  the  extent  of  the  trapping  in  each  distortion 
in  terms  of  the  time  x  required  to  tunnel  from  one  distortion 
to  another: 

T  ~  h/P  ~  4  X  10'  s.  (8) 

T  is  in  any  event  substantially  smaller  than  the  radiative 
decay  time  of  9.5  ps  for  the  S  =  0  transition  [20],  and  the 
different  distortions  can  communicate  with  each  other.  This 
allows  us  to  observe  an  unusual  phenomenon.  Under  [111] 
stress  a  repulsion  occurs  between  the  S  =  1  state  of  the 
[111]  centres  ^d  the  S  =  0  states  of  the  other  orientations 
(such  as  the  [111]  centres).  If  the  trigonal  axis  of  the  centre 
was  an  intrinsic  property,  produced  by  its  molecular  struc¬ 
ture,  then  this  interaction  would  not  occur,  since  the  centres 
would  be  spatially  separated  in  the  crystal. 

The  situation  here  is  that,  in  contrast  to  the  usual  cases 
considered  in  Jahn-Teller  theory,  there  are  two  adiabatic 
surfaces,  one  for  the  “S  =  1”  states  and  one  for  the  “S  =  0” 
state,  separated  by  A£  =  ImeV.  Under  [111]  stress,  tran¬ 
sitions  fron^the  [111]  centres  decrease  in  energy  and  those 
from  the  [111]  centres  increase,  bringing  the  two  adiabatic 
surfaces  into  coincidence  near  s  =  9AE/8C  =  35MPa.  At 
this  stage  a  quantum-mechanical  repulsion  can  occur 
between  the  lowest  energy  vibronic  states  associated  with 
the  two  surfaces.  If  we  were  dealing  with  true  S  =  1  and 
S  =  0  states  there  would  be  no  observed  repulsion,  since  the 
coupling  is  primarily  through  the  orbital  effects  associated 
with  the  lattice  strain  and  so  would  be  zero  between  orthog¬ 
onal  spin  states.  However,  because  these  are  not  pure  spin 
states  there  will  be  a  repulsion.  The  curves  on  Fig.  4(b)  are 
calculated  with  a  coupling  of  +2.5meV/GPa  between  the 
different  distortions,  about  an  order  of  magnitude  decreased 
from  the  first-order  perturbation  of  the  states.  This 
reduction  reflects  the  admixture  of  the  valence  band  states 
in  the  “S  =1”  and  “S  =  0”  states.  The  problem  is  analogous 
to  the  ratio  R  of  the  optical  transition  intensities  of  the 
singlet  and  triplet  lines,  except  that  the  transition  intensity 
depends  on  the  square  of  the  wavefunctions.  We  expect  the 
coupling  to  be  reduced  by  ^/R  ~  10  from  C,  in  agreement 
with  the  observed  effect. 


5.  Summary 

This  paper  has  drawn  attention  to  the  role  of  lattice  relax¬ 
ations  in  binding  excitons  at  isoelectronic  centres  in  silicon. 
When  an  electron  is  tightly  bound,  an  Aj  orbital  is  likely, 
and  the  consequent  lack  of  orbital  degeneracy  implies  that  it 
is  difficult  to  obtain  data  about  the  symmetry  of  the  core  of 
the  centre.  The  hole  moves  in  a  relatively  diffuse  orbital,  and 
so  the  symmetry  observed  for  it  may  be  the  residual 
symmetry-lowering  of  the  lattice  observed  at  this  large 
radius,  or  it  may  be  a  symmetry-lowering  relaxation  pro¬ 
duced  by  the  hole  states.  The  symmetry  of  the  relaxed 
ground  state  is  difficult  to  obtain.  This  point  has  been 
emphasised  for  a  tightly  bound  hole  centre,  where  the  tri¬ 
gonal  symmetry  has  been  shown  to  derive  from  lattice  relax¬ 
ation  effects.  However,  it  is  then  possible  to  use  the 
well-established  results  of  Jahn-Teller  theory  as  developed 
for  the  limit  of  strong  coupling  to  obtain  a  very  precise 
understanding  of  the  bound  exciton  states  of  these  centres. 
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Abstract 

We  demonstrate  that  lithium  diffusion  into  gold  doped  n-type  silicon  at 
temperatures  between  200  and  300  °C  results  in  the  formation  of  two 
hthium-gold  complexes.  This  was  investigated  using  deep  level  transient 
spectroscopy  (DLTS)  combined  with  secondary  ion  mass  spectroscopy 
(SIMS)  and  capacitance  voltage  (CV)  profiling.  One  of  the  Au-Li  complexes 
is  electrically  inactive  and  is  observed  indirectly  as  gold  passivation.  Vir¬ 
tually  all  passivated  gold  acceptors  are  reactivated  after  annealing  for  30 
minutes  at  400  °C  and  this  process  can  be  reversed  by  additional  heat  treat¬ 
ment  at  lower  temperatures,  as  long  as  enough  Li  is  still  present  in  the 
crystal.  This  reaction  can  be  described  by  a  mass  action  law  between  nega¬ 
tively  charged  gold  atoms  and  positively  charged  lithium  (Au“  -I-  Li'*')  with 
a  free  binding  energy  of  approximately  0.87  eV.  The  other  Au-Li  complex 
has  a  deep  level,  labelled  LI,  within  the  silicon  band  gap  with  an  activation 
energy  of  0.41  eV.  The  LI  signal  is  strongest  after  annealing  at  temperatures 
between  250  and  300  °C,  but  the  passivating  complex  appears  to  be 
favoured  at  lower  temperatures.  From  the  dissociation  kinetics  of  LI 
during  reverse  bias  annealing  we  find  that  the  complex  consists  of  one  gold 
atom  and  one  or  more  lithium  atoms. 

1.  Introduction 

Lithium  is  a  fast  interstitial  diffuser  in  silicon  with  high 
interstitial  solubility  [1,  2].  Interstitial  Li  acts  as  a  shallow 
donor  with  a  defect  structure  which  has  been  studied  in 
detail  [3],  Also,  lithium  readily  complexes  with  other 
foreign  atoms  within  the  silicon  crystal,  for  example  boron 
and  oxygen  [4,  5].  Recently,  Hohne  [6]  detected  a  gold- 
related  electron  paramagnetic  resonance  (EPR)  spectrum  in 
gold-doped  silicon  co-doped  with  lithium.  Further  work  by 
Alteheld  et  al.  [7]  using  EPR  and  electron  nuclear  double 
resonance  (ENDOR)  techniques  revealed  two  separate 
lithium-gold-related  centres  in  crystals  highly  doped  with 
Au  and  Li.  These  two  centres  were  identified  as  an  ortho¬ 
rhombic  Au-Li  pair  and  a  trigonal  Au-Li3  complex. 

The  purpose  of  this  work  is  to  examine  whether  lithium  is 
able  to  neutralize  electrically  the  gold  centre  [8,  9]  in  a 
similar  way  as  hydrogen  does  [10].  Due  to  the  high  solu¬ 
bility  of  lithium  in  silicon  it  is  possible  to  obtain  uniform  Li 
concentrations  between  lO^^-lO^^atoms/cm^  using  diffu¬ 
sion  temperatures  below  300  °C.  This  is  in  contrast  to 
hydrogenation  of  silicon  where  uniform  hydrogen  density  in 
the  10^®cm“^  range  is  only  achieved  after  annealing  in 
hydrogen  ambient  at  very  high  temperatures,  typically 
1200-1300  °C  [11, 12]. 

2.  Experimental  details 

The  starting  material  was  3  inch  n-type  phosphorus  doped 
(100)  oriented  floating  zone  silicon  wafers  with  resistivities 


between  8.5  and  llDcm.  The  details  of  the  gold  doping 
have  been  given  elsewhere  [13].  After  etching  and  cleaning 
the  Au-doped  samples  were  covered  with  99.9%  pure  Li  in 
mineral  oil  emulsion.  The  samples  were  then  heat  treated  in 
a  diffusion  furnace  in  open  quartz  boats  using  argon 
ambient.  The  usual  procedure  was  a  Li  pre-deposition  at 
300-350  °C  for  10-30  minutes,  after  which  excess  Li  was 
removed  off  the  surfaces  of  the  samples.  Li  was  driven  in 
using  heat  treatment  between  250  and  350  °C  followed  by 
rapid  quenching  in  liquid  nitrogen.  Finally  the  samples  were 
polished  and  etched  and  the  front  sides  were  evaporated 
with  gold  or  aluminium  to  obtain  Schottky  diodes.  GaAl 
alloy  was  used  for  ohmic  contacts. 

Two  types  of  reference  samples  received  the  same  heat 
treatments  as  the  Au-Li  co-doped  specimens:  (1)  samples 
doped  with  gold  but  no  Li  and  (2)  samples  only  doped  with 
lithium.  The  gold  acceptor  concentration  in  the  gold  doped 
reference  samples  did  not  change  during  the  processing. 
Finally,  no  deep  levels  were  found  in  the  lithium  doped  ref¬ 
erence  specimens. 

CV  profiling  was  used  to  estimate  the  active  shallow 
donor  concentration  in  the  samples.  The  active  donor  con¬ 
centration  is  the  sum  of  the  concentrations  of  phosphorus 
donors,  lithium  donors  and  possible  lithium-oxygen  (Li-O'*') 
shallow  donors  [5].  In  addition,  SIMS  was  used  to  estimate 
the  total  Li  content.  The  SIMS  data  was  calibrated  against 
standard  Li  implantations.  This  normally  gives  an  accuracy 
of  ±20%.  Concentration  depth  profiles  of  the  deep  traps 
were  obtained  with  DLTS  depth  profiling  [13].  The  electron 
capture  cross-sections  of  the  deep  levels  were  estimated 
using  majority  carrier  pulse  filling  [14]. 

3.  Results 

3.1.  An  estimate  of  the  lithium  concentration 

We  found  that  the  concentration  of  electrically  active 
lithium  from  CV  profiling  was  comparable  to  the  total  Li 
content  estimated  with  SIMS.  Figure  1  compares  the  Li 
content  estimated  with  these  two  techniques.  The  SIMS 
analysis  revealed  that  the  lithium  density  was  in  most  cases 
uniform  throughout  the  samples.  However,  some  out- 
diffusion  closest  to  the  surface  was  observed  in  samples  with 
lithium  concentrations  above  approximately  1  x  10^®cm“^. 
This  out-diffusion  occurs  most  likely  when  the  Schottky 
diodes  are  formed  since  the  Li  concentrations  did  not 
change  appreciably  during  storage  at  room  temperature.  In 
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Fig.  1.  Li  concentrations  in  lithium  doped  n-type  Si  estimated  using  CV 
profiling  and  SIMS. 

general,  our  observations  were  in  agreement  with  the  Li 
solubility  studies  of  Pell  [2]. 

SIMS  analysis  of  reference  samples  not  covered  with 
lithium  but  heat  treated  in  the  same  diffusion  furnace  typi¬ 
cally  showed  Li  contamination  of  approximately 
1  X  10*^  cm" In  addition  we  searched  for  copper  contami¬ 
nation  both  in  Li  doped  and  reference  samples  but  no  Cu 
was  detected  in  any  of  the  samples.  The  Cu  detection  limit 
was  approximately  1  x  10^®cm"^.  In  addition  DLTS 
revealed  no  known  Cu-related  traps  [15, 16]. 

3.2.  Neutralization  of  gold  acceptors  and  the  LI  peak 
Figure  2  shows  typical  DLTS  spectra  of  lithium  diffused 
gold  doped  samples  after  heat  treatments  at  different  tem¬ 
peratures.  After  Li  diffusion  at  300  °C  the  sample  was  slowly 
cooled  to  100  °C  and  kept  at  this  temperature  for  12  hours. 
This  results  in  an  active  lithium  donor  concentration  of 
5  X  lO^^cm"^.  Thereafter  the  sample  was  polished  and 
etched  and  divided  into  a  number  of  5  x  5mm^  specimens, 
and  each  piece  was  then  annealed  at  a  specific  temperature, 
as  indicated  in  the  figure,  for  30  minutes  followed  by  quen- 


Fig.  2.  Reactivation  of  gold  acceptors  as  a  function  of  temperature.  The 
samples  were  first  heat  treated  at  100  °C  for  12  hours  and  each  sample  was 
then  annealed  for  30  minutes  at  the  specific  temperature  indicated.  Gold 
acceptors  are  fully  reactivated  after  annealing  at  400  °C  for  30  minutes 
(sample  (f)). 


ching  in  liquid  nitrogen.  After  surface  cleaning,  several 
Schottky  diodes  were  made  from  each  specimen. 

The  peak  at  270  K  corresponds  to  the  gold  acceptor  level 
with  activation  energy  A£a0.54eV  (including 
adjustment)  and  an  electron  capture  cross-section  o-„ « 
1  X  10"^®cm^  [13].  The  peak  labelled  LI  has  an  activation 
energy  of  0.41  eV  and  an  electron  capture  cross-section  of 
only  1.5  X  10"  ^’cm^.  No  temperature  dependence  of  this 
capture  cross-section  was  observed  within  the  temperature 
range  225-256  K.  This  new  signal  was  not  observed  in  either 
type  of  reference  samples.  The  small  peak  labelled  G1 
(AE  =  0.19eV,  ffn  =  1  ^  10"  ^’cm^)  has  been  studied  pre¬ 
viously  [17]  and  arises  from  an  acceptor  level  of  a 
hydrogen-gold  complex.  G1  is  only  found  in  the  surface 
region  of  the  sample  and  is  due  to  injection  of  hydrogen 
during  wet  chemical  etching. 

Reference  samples  doped  with  gold  but  no  lithium  show 
DLTS  spectra  that  are  similar  to  spectrum  f,  corresponding 
to  gold  concentration  of  approximately  2  x  lO^'^cm"^.  We 
notice  that  gold  acceptors  are  reactivated  with  increasing 
annealing  temperature  while  the  LI  peak  is  strongest  at 
3(X)°C.  In  addition,  we  observed  that  the  reactivation  and 
passivation  of  gold  acceptors  is  reversible;  the  amount  of 
active  gold  acceptors  is  only  dependent  upon  the  final  heat 
treatment,  as  long  as  no  out  diffusion  of  Li  takes  place. 
SIMS  and  CV  analysis  reveal  that  the  lithium  concentration 
within  the  samples  normally  remains  constant  during  the 
annealing  cycles.  Occasionally,  out-diffusion  of  Li  was 
observed  in  samples  where  the  Uthium  surface  concentration 
had  been  reduced  by  cleaning  and  etching  prior  to  the  heat 
treatment.  The  passivation  of  gold  is  stable  ,  at  room  tem¬ 
perature;  storage  for  several  months  has  no  effect  on  the 
DLTS  spectra. 

From  a  series  of  experiments  using  different  Li  concentra¬ 
tions  we  observed  that  the  portion  of  gold  which  is  neutral 
at  the  annealing  temperature  (<200°C)  is  not  passivated  by 
lithium  while  virtually  all  negatively  charged  gold  atoms  are 
passivated.  So,  in  order  to  strongly  passivate  the  gold  atoms 
the  Fermi-level  must  be  well  above  the  gold  acceptor  level 
at  the  annealing  temperature. 

The  above  results  suggest  that  the  LI  trap  is  related  to 
both  gold  and  lithium.  This  is  even  more  apparent  when  the 
dissociation  of  LI  is  studied  during  reverse  bias  annealing 
(RBA).  Figure  3  shows  the  concentration  depth  profiles  of 


Depth  [pm] 

Fig.  3.  Depth  profiles  of  LI  and  active  gold  acceptors  before  and  after 
reverse  bias  annealing  at  100  °C  for  30  minutes  using  4V  reverse  bias.  The 
depletion  layer  edge,  W,  during  the  heat  treatment  is  at  approximately 
2.6  pm. 
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LI  and  the  Au  acceptors  before  and  after  reverse  bias 
annealing  at  100  °C  for  30  minutes.  At  this  temperature  the 
dissociation  and  the  formation  of  LI  is  in  equilibrium,  as  is 
clearly  evident  outside  the  depletion  region.  However,  the 
electric  field  within  the  space  charge  layer  rapidly  drives  the 
positively  charged  lithium  towards  the  surface,  resulting  in  a 
net  dissociation  of  LI  and  an  equal  increase  in  the  Au 
signal.  This  demonstrates  the  participation  of  gold  in  LI. 
Finally,  Au-Li  co-doped  samples  free  from  LI  traps  do  not 
show  any  change  in  the  gold  acceptor  density  after  similar 
heat  treatment. 

4.  Analysis  and  discussion 

4.1.  Au-Li  pairs 

The  strong  passivation  of  gold  acceptors  by  lithium  suggests 
that  a  long  range  Coulomb  interaction  between  lithium 
donors  and  gold  acceptors  is  responsible  for  the  passivation. 
It  is  possible  to  describe  the  equilibrium  concentration  of 
such  Au-Li  pairs  by  the  law  of  mass  action: 
[iVUi]/[iVAu-][A^Li-]  =  (1/Nsi)  exp  [-AG/fcT]  (1) 

where  A^u-Li  is  the  equilibrium  concentration  of  neutral 
Au-Li  pairs,  iV^u-  is  the  fraction  of  the  negatively  charged 
gold  given  by  Fermi-Dirac  statistics,  Nu+  the  lithium  donor 
concentration,  Ngi  is  the  silicon  lattice  density,  and  AG  is  the 
Gibbs  free  binding  energy  of  the  pair.  The  concentration  of 
Au-Li  pairs  is  estimated  by 

A^Au-Li  =  A^Au,r-NA„-NLi  (2) 

i.e.  we  subtract  both  the  remaining  active  gold  density,  , 
and  the  LI  concentration,  Nli,  from  the  original  gold  con¬ 
centration,  Nau.c  The  following  values  were  used  for 
the  parameters  involved:  ,  =  2  x  lO^'^cm”^  As,- = 

5  X  lO^^cm"^  and  phosphorus  donor  density,  Np  = 

5  X  10^"^cm“^.  The  Au  acceptor  level  is  at  £c~0-54eV. 
The  lithium  donor  concentration  was  estimated  with  CV 
profiling  and  SIMS  and  was  more  or  less  independent  of 
annealing  temperature.  We  determined  the  binding  energy 
of  the  Au-Li  pair  from  an  Arrhenius  plot  of  equilibrium 
data,  making  use  of  the  thermodynamic  relationship  at  con¬ 
stant  pressure  and  temperature: 

AG  =  AH  -  r  •  AS  (3) 

Such  a  plot  is  shown  in  Fig.  4.  In  all  samples  of  Fig.  4  the 
equilibrium  concentration  of  Au-Li  pairs  had  been  reached. 
The  time  needed  to  reach  equilibrium  was  shorter  than  30 
minutes  in  the  temperature  range  150-400  °C.  The  free 
binding  energy  is  defined  as  E^,  =  —  AH.  A  least  squares  fit 
to  the  data  gives  a  binding  energy  of  0.87  +  0.04  eV  and  a 
prefactor  of  3  x  10“^^  ±2  x  10“^^  cm^.  The  prefactor  is 
close  to  l/Ajj  which  suggests  that  the  entropy  term  is  small. 

4.2.  The  LI  trap 

The  LI  trap  is  not  stable  at  room  temperature  but  is  formed 
between  200-300  °C  and  can  be  frozen  in  by  rapid  quench¬ 
ing.  Also,  the  LI  trap  is  absent  at  any  temperature  between 
25  °C  and  300  °C  in  samples  highly  doped  with  lithium 
([Li]  >  5  X  10^®cm“^)  where  the  Fermi-level  remains  well 
above  the  gold  acceptor  level.  These  observations  suggest 
that  the  LI  trap  belongs  to  a  Uthium-gold  complex  different 
from  the  Au-Li  pair.  The  Au-Li  pair  is  also  clearly  favoured 
energetically  over  the  LI  trap  at  low  temperatures. 


1000/T  [1/K] 

Fig.  4.  Estimation  of  the  binding  enthalpy  and  entropy  of  Au-Li  pairs  from 
their  equilibrium  coneentrations  at  various  temperatures.  A  least  squares  fit 
gives  a  binding  energy  of  0.87  ±  0.04  eV. 

Alteheld  et  al.  [7]  reported  two  separate  gold-lithium 
centres,  identified  as  an  orthorhombic  Au-Li  pair  and  a  tri¬ 
gonal  Au-Lij  complex  from  EPR  and  Double  ENDOR 
studies.  The  Au-Li  pair  in  their  work  is  most  likely 
responsible  for  the  gold  passivation  observed  in  the  present 
work.  Furthermore,  the  authors  [7]  observed  that  the  Au- 
Lij  complex  has  a  single  donor  level  within  the  band  gap 
above  Eq  —  0.4  eV.  It  is  possible  that  the  LI  trap  in  our 
work  is  the  donor  level  of  this  complex,  although  the  elec¬ 
tron  capture  cross-section  i<T„  =  1.5  x  10“  ^’cm^)  is  smaller 
than  expected  for  an  attractive  single  donor  trap. 

4.3.  Hydrogen  vs.  lithium  passivation  of  gold 
We  find  that  both  hydrogen  and  lithium  are  able  to  passi¬ 
vate  the  gold  impurity  in  silicon  but  observe  important  dif¬ 
ferences  especially  regarding  the  charge  state  of  the  ions 
involved.  In  the  case  of  lithium  we  observe  two  different 
complexes  between  gold  and  lithium  where  one  of  them  is 
most  likely  the  neutral  Au-Li  pair.  The  other  complex  has  a 
deep  level  in  the  band  gap  labelled  LI  and  is  possibly  the 
previously  reported  Au-Li3  complex  [7].  Apparently  nega¬ 
tively  charged  gold  is  also  needed  to  form  LI.  The  results 
indicate  that  opposite  charge  states  of  gold  and  lithium  are 
needed  for  complex  formation  between  the  two  ions.  This 
differs  markedly  from  hydrogen-gold  complexes. 

In  the  case  of  hydrogen  we  observe  two  complex  centres 
between  hydrogen  and  gold  acceptors,  one  electrically  inac¬ 
tive  and  other  electrically  active  with  a  deep  level  in  the 
band  gap  [18].  The  electrically  active  centre  is  not  formed 
between  ions  of  opposite  charge  states  while  the  inactive 
Au-H  centre  is  most  easily  formed  between  Au“  and  H'*' 
[18],  These  complexes  are  stable  at  temperatures  below 
approximately  150  °C.  However,  it  is  possibe  to  transform 
these  Au-H  centres  into  one  another  by  annealing  and  no 
free  hydrogen  is  involved  in  these  transformations.  This  is  in 
contrast  to  the  LI  gold-Uthium  complexes  where  depletion 
of  free  lithium  donors  results  in  a  net  dissociation  of  LI. 

5.  Conclusions 

In  summary,  we  observe  two  Au-Li  complexes  in  n-type 
gold-doped  silicon  after  in-diffusion  of  hthium.  One  of  the 
complexes  most  likely  consists  of  an  Au-Li  pair  while  the 
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other  complex,  LI,  contains  one  gold  atom  and  one  or  more 
lithium  atoms.  The  proposed  Au-Li  pair  has  no  deep  levels 
in  the  upper  half  of  the  silicon  band  gap  while  the  LI 
complex  has  a  deep  level  with  an  activation  energy  of 
0.41  eV.  The  Au-Li  pair  is  energetically  favoured  over  the  LI 
complex  at  low  annealing  temperatures.  Both  complexes 
completely  dissociate  after  30  minutes  at  400  °C  and  the 
gold  acceptor  concentration  retrieves  its  original  value. 
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Abstract 

Conversion  Electron  Mossbauer  Spectroscopy  has  been  applied  to  the 
study  of  different  novel  expitaxially  stabilized  phases  of  the  Fe-Si  system 
and  also  of  FejSi  films.  The  silicides  have  been  grown  by  Molecular  Beam 
Epitaxy  on  Si(lll).  The  ’^Fe  Mossbauer  parameters  (isomer  shift  5,  line- 
width  r,  quadrupole  splitting  A  and  magnetic  field  H  at  the  nucleus)  are 
reported  and  discussed  in  terms  of  the  local  surrounding  of  the  Fe  nucleus. 

1.  Introduction 

The  growth  and  the  structural  and  electronic  character¬ 
ization  of  epitaxial  iron-silicide  phases  on  Si  have  attracted 
increasing  interest  during  the  last  years  from  both  the  fun¬ 
damental  and  technological  points  of  view.  In  particular  the 
semiconducting  j5-FeSi2  phase,  with  a  direct  gap  of  0.85  eV 
[1,  2]  due  to  a  Jahn-Teller-like  instability,  has  potential 
optoelectronic  applications  when  integrated  with  the  well 
developed  Si  technology.  However,  recent  theoretical  [3] 
and  experimental  evidence  [4]  of  a  slightly  lower  indirect 
transition  casts  doubts  on  the  applications  of  this  com¬ 
pound  for  light  emitting  devices.  The  great  versatility  of  Fe 
to  form  a  number  of  epitaxial  silicides  offers  a  wide  spec¬ 
trum  of  potential  applications  and  allows  to  address  intrigu¬ 
ing  fundamental  questions  related  to  interface  structure, 
growth  kinetics  and  stability  of  epitaxial  phases.  Conversion 
electron  Mossbauser  spectroscopy  (CEMS),  due  to  the  high 
sensitivity  to  the  atomic  and  electronic  surroundings  of  the 
Mossbauer  nucleus,  is  a  very  powerful  tool  to  investigate 
these  questions  and  has  been  successfully  utilized  in  the 
study  of  bulk  phases  of  the  Fe-Si  system  [5-8]  as  well  as 
iron  silicides  [9]. 

Epitaxially  stabilized  (y-FeSi2,  FeSi  which  has  the  CsCl 
structure  and  exists  also  in  a  Fei_^t>xSi  defective  phase  con¬ 
taining  Fe  vacancies  v)  and  Fe3Si  phases  have  been  grown 
[10-14]  allowing  the  unambiguous  identification  of  the 
Mossbauer  spectra  of  the  different  metallic,  semimetallic, 
semiconducting  and  magnetic  silicides  and  their  comparison 
with  the  known  parameters  of  the  bulk  stable  phases  (e- 
FeSi,  ^-FeSi2  and  FejSi).  The  Mossbauer  parameters 
(isomer  shift,  quadrupole  and  magnetic  splitting)  for  the  dif¬ 
ferent  phases  are  reported  and  discussed  with  respect  to  the 
local  surrounding  of  the  Fe  atoms. 

CEMS  is  sensitive  to  layer  thicknesses  of  up  to  ~  1500  A. 
Samples  for  this  study  have  been  grown  with  natural  Fe, 


therefore  only  films  thicker  than  ~20A  have  been  investi¬ 
gated.  The  sensitivity  can  be  increased  to  less  than  a  mono- 
layer  as  recently  shown  for  silicides  grown  with  enriched 
®’Fe  by  MBE  [9]  or  by  laser  ablation  [15]. 

2.  Experimental  methods 

The  silicides  were  grown  in  a  commercial  MBE  system  by 
stoichiometric  e-gun  co-deposition  of  Fe  and  Si  near  RT  on 
n-type  Si(lll)  misoriented  (<.5°)  substrates.  Two  Fe  mono- 
layers  and  a  template  of  10  A  synthesized  by  codeposition  of 
Fe  and  Si  with  FeSi  or  FeSi2  stoichiometry  represent  the 
first  steps  in  most  growth  processes.  Structural  and  elec¬ 
tronic  properties  were  investigated  by  RHEED,  XPS,  STM, 
TEM,  RBS  and  XRD.  Details  on  the  growth  and  character¬ 
ization  have  been  given  elsewhere  [10-14]. 

CEMS  measurements  have  been  performed  at  room  tem¬ 
perature  using  a  ®’Co  source  in  a  Rh  matrix  which  was 
moved  by  a  standard  constant-acceleration  drive.  The 
samples  were  incorporated  as  electrodes  in  a  parallel  plate 
avalance  detector  [16].  The  isomer  shifts  are  given  relative 
to  a-Fe. 

3.  Experimental  results  and  discussion 

3.1.  Fco.sSi 

At  the  Fe/Si  composition  ratio  of  1 :  2  two  bulk  phases  are 
known  [17].  The  a-FeSi2,  stable  at  temperatures  between 
967  °C  and  1223  °C,  is  metallic  and  has  a  tetragonal  lattice. 
The  Mossbauer  spectrum  has  been  fitted  by  two  quadrupole 
split  lines  [7]  given  in  Table  I.  At  temperatures  lower  than 
967  °C  the  semiconducting  /?-FeSi2  is  formed  with  an 
orthorhombic  structure  which  results  from  a  Jahn-Teller 
like  instability  of  the  fluorite  phase  [2].  Due  to  the  orthor¬ 
hombic  structure  this  phase  has  two  different  Fe  sites,  both 
surrounded  by  a  distorted  cube  of  Si  atoms,  but  with  differ¬ 
ent  Fe-Si  distances  [18]:  Fe,  has  Fe-Si  =  2.34-2.39  A,  while 
Fe,,  has  Fe-Si  =  2.33-2.44  A.  The  distorted  cube  of  Si  atoms 
around  the  Fe  sites  produces  an  electric  field  gradient  (EFG) 
at  the  nucleus  which  accounts  for  the  observed  quadrupole 
interaction  [6,  7],  while  the  observed  isomer-shifts  are  deter¬ 
mined  by  the  average  distances  characterizing  the  two  sites 
[6,  see  also  Fig.  6  and  related  discussion]. 
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Table  I.  Mossbauer  parameters  and  relative  Fe  site  fractions  Ai  of  iron  silicide  phases  (S  and  H  relative  to  oi-Fe  at  R.T.). 


Sample 

Thickness 

[A] 

Structure 

Lattice 

parameters 

[A] 

Site 

H/Hp. 

5 

[mm/s] 

r 

[mm/s] 

A 

[mm/s] 

% 

FejSi 

710 

D03 

a  =  5.66 

B 

0.939(2) 

0.09(1) 

0.27(1) 

- 

20.1(5) 

[A,C]« 

0.868(2) 

0.09(1) 

0.49(1) 

- 

12.8(5) 

[A,C], 

0.742(2) 

0.18(1) 

0.35(1) 

- 

7.3(5) 

[A,C]« 

0.599(2) 

0.26(1) 

0.28(1) 

- 

43.9(5) 

[A,C]3 

0.418(2) 

0.34(1) 

0.63(1) 

- 

9.5(5) 

Template 

- 

0.02(1) 

0.23(1) 

- 

2.6(5) 

and  Interface 

Template 

- 

0.56(1) 

0.29(1) 

- 

3.8(5) 

and  Interface 

s-FeSi  [7] 

Bulk 

B20 

a  =  4.46 

- 

0.26(2) 

0.34 

0.51(2) 

100 

FeSi 

890 

CsQ 

2a  =  5.54 

- 

0.26(1) 

0.24(1) 

- 

47.6(5) 

- 

0.25(1) 

0.26(1) 

0.26(1) 

52.4(5) 

a-FeSij  [7] 

Bulk 

Tetrag. 

a  =  2.69 

- 

0.23 

0.4 

0.47 

c  =  5.13 

- 

0.26 

0.4 

0.73 

[S-FeSij  [6,  7] 

Bulk 

Orthor. 

a  =  9.863 

I 

0.14 

0.31 

0.40 

50 

b  =  7.791 

II 

_ 

0.03 

0.31 

0.44 

50 

c  =  7.833 

y-FeSij 

21 

CaFj 

a  =  5.387 

0.08(1) 

0.15(1) 

0.31(2) 

- 

100 

- 

0.19(1) 

0.26(1) 

0.43(1) 

36.3(5) 

Feo.sSi 

740 

CsCl 

2a  =  5.40 

- 

0.05(1) 

0.31(1) 

0,47(1) 

29.4(5) 

- 

0.32(1) 

0.31(1) 

0.43(1) 

34.3(5) 

Two  epitaxially  stabilized  phases  with  a  stoichiometry  of 
1 ;  2  have  been  grown  by  MBE  [10-14],  The  bulk  unstable 
fluorite  y-FeSij  phase  [10-12]  and  the  defective  CsCl 
derived  Feo.sSi  phase  with  Fe  vacancies  [12-14], 

The  y-FeSia  phase  has  the  fluorite  structure  and  can  be 
stabilized  when  the  material  is  grown  in  the  form  of  very 
thin  films  (21 A  in  our  case)  due  to  the  favourable  lattice 
match  to  Si,  No  quadrupole  splitting  should  be  observed  as 
the  EFG  at  the  Fe  nucleus  is  zero  due  to  the  high  symmetry 
at  the  Fe  site  surrounded  by  eight  Si  atoms  at  a  distance 
ao>/3/4,  6  Fe  vacancies  at  ao/2  and  12  Fe  at  ao^/2/2, 
However,  Christensen’s  finding  [2]  that  the  Fermi  level  is 
located  in  the  strong  and  sharp  peak  of  the  Fe-d-DOS 
(density  of  states)  indicates  that  y-FeSij  could  be  magnetic. 
Indeed  allowing  for  spin  polarization,  with  the  constraint  of 
the  fluorite  structure,  a  ferromagnetic  moment  of  0.3pp  per 
formula  unit  develops  [2]  lowering  the  total  energy  of  the 
highly  unstable  non-magnetic  fluorite  phase. 

The  CEMS  for  this  phase,  grown  without  template 
directly  on  the  Si(lll)  substrate  and  annealed  at  450  °C,  is 
shown  in  Fig,  1  and  the  parameters  used  for  the  fitting  are 
reported  in  Table  I,  The  Mossbauer  spectrum,  fitted 
assuming  a  magnetically  splitted  sextet,  yields  =  0,08 

which  is  consistent  with  Christensen’s  ferromagnetic 
moment.  This  CEMS  result  represents  a  first  experimental 
indication  that  FeSi2  in  the  fluorite  structure  might  be  mag¬ 
netically  ordered,  A  fit  assuming  a  quadrupole  doublet  gives 
a  larger  and  a  quadrupole  splitting  much  larger  than  the 
values  observed  in  any  other  non-cubic  silicide  which  makes 
this  interpretation  less  likely.  Furthermore  in  the  case  of 
CoSi2 ,  stable  in  the  fluorite  structure,  only  single  lines  have 
been  reported  in  agreement  with  the  high  point  symmetry  at 
the  Fe  or  Co  nucleus  [19], 

The  Feo.sSi  phase,  which  crystallizes  in  the  CsCl  structure 
and  has  50%  of  Fe  vacancies,  shows  three  quadrupole  split 
lines  which  can  be  associated  to  different  Fe  sites.  The 
CEMS  spectrum  is  shown  in  Fig,  2  and  the  fitting  param- 


VELOCITY  [mm/sl 

Fig.  1.  CEMS  spectrum  of  y-FeSij . 


VELOCITY  [mm/sl 

Fig.  2.  CEMS  spectrum  of  Ecq  jSi . 
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eters  are  reported  in  Table  I.  The  first  two  doublets  are  con¬ 
sistent  with  a  local  lattice  distortion  towards  the  jJ-FeSij 
phase.  The  intensity  ratio  of  the  doublet  components  is 
about  1:1,  indicating  an  almost  random  distribution  in  the 
direction  of  the  EFGs. 

The  fit  of  the  Mossbauer  spectrum  yields  a  third  doublet 
with  an  intensity  ratio  of  1  : 1  consistent  with  a  random  dis¬ 
tribution  of  the  Fe  vacancies  in  the  lattice.  The  larger  isomer 
shift  of  this  doublet  is  consistent  with  a  local  lattice  distor¬ 
tion  in  which  the  Fe-Si  distance  is  larger  than  the  value  in 
the  ideal  CsCl  structure  (from  Fig.  6  about  2.39  A  as  com¬ 
pared  to  2.34  A  for  the  ideal  structure). 

3.2.  FeSi 

The  bulk  stable  phase,  at  the  composition  ratio  1 : 1,  is  the 
6-FeSi  which  has  a  cubic  structure  with  four  Fe  atoms  and 
four  Si  atoms  in  a  unit  cell.  The  local  Fe  symmetry  is  tri¬ 
gonal,  with  only  one  Si  nearest  neighbor  at  2.29  A,  three  Si 
second  neighbors  at  2.36  A  and  three  Si  third  neighbors  at 
2.53  A  [20].  The  lower  point  symmetry  at  the  Fe  site  results 
in  the  observed  quadrupole  split  Mossbauer  spectrum  [7]. 

The  Mossbauer  spectrum  of  FeSi,  epitaxially  stabilized  in 
the  CsCl  structure,  is  shown  in  Fig.  3  and  the  fitting  param¬ 
eters  are  reported  in  Table  I.  In  this  case  there  is  only  one 
Fe  site  with  cubic  point  symmetry,  therefore  no  quadrupole 
interaction  is  expected  and  a  single  line  should  be  observed. 
However,  beside  the  single  line  we  have  also  found  a 
doublet  which  is  different  from  the  reported  value  for  the 
e-FeSi  phase.  Epitaxially  stabilized  films  should  exhibit  a 
coherent-to-incoherent  transition  at  a  thickness  before 
undergoing  the  first-order  martensitic  phase  transition  at 
the  critical  thickness  H^.  [21].  The  MBE  growth  of  FeSi 
yields  coherent  films  in  the  CsCl  structure  characterized  by 
an  average  trigonal  distortion  Sr  ~  3.3%  up  to  ~70A, 
above  this  critical  thickness  partial  relaxation  is  observed 
[14].  The  martensitic  phase  transition  to  e-FeSi  was  found 
to  be  hindered  kinetically  for  temperatures  below  200  °C 
and  thicknesses  up  to  1000  A  [14].  The  observed  quadrupo¬ 
le  split  line  is  therefore  related  to  the  fraction  of  the  films 
characterized  by  a  local  trigonal  distortion. 

3.3.  Fe^Si 

The  ordered  Fe3Si  has  DO3  structure  and  can  be  viewed  as 
a  fee  Bravais  lattice  with  a  basis  consisting  of  four  atoms.  A, 


VELOCITY  [mm/s) 

Fig.  3.  CEMS  spectrum  of  FeSi  (CsCl). 
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Fig.  4.  CEMS  spectrum  of  FejSi. 


B,  C  and  D  as  shown  in  the  inset  of  Fig.  4.  There  are  two 
inequivalent  (structurally  and  magnetically)  Fe  sites,  those 
in  the  center  of  the  cube  (FejBj)  having  cubic  point  sym¬ 
metry,  with  8Fe[A,c]nn  and  6Sinnn,  and  those  on  the 
corners  (Fe^.q)  having  tetrahedral  point  symmetry,  with 
4Fe[B]  and  4 Sinn  and  Polarized-neutron 

experiments  [22,  23],  saturation  magnetization  measure¬ 
ments  [24]  and  Mossbauer  spectroscopy  [5,  8]  on  Fe-Si 
alloys  have  determined  the  magnetic  moments  on  the  two 
sites,  /fpgjgj  2.2— 2.4/i^  and  1.1— 1.35/f^. 

The  CEMS  spectrum  is  shown  in  Fig.  4  and  the  fitting 
parameters  are  reported  in  Table  I.  The  notation  used  in  the 
text  to  identify  [A,  C]  sites  with  n  Fe  nearest-neighbors  is 
[A,  C]„ .  Since  the  fields  expected  in  the  case  of  Si  excess  ([A, 
C]  3)  and  Si  deficiency  ([A,  C]  g ,  [A,  C]  5)  have  been 
observed  the  presence  in  the  films  of  non  stochiometric 
regions  is  inferred.  However  the  relative  intensities  of  the 
different  fields  are  not  consistent  with  a  random  distribution 
of  the  excess  (deficiency)  atoms  in  the  films. 

The  results  of  Table  I  show  a  decrease  of  the  field  and  an 
increase  in  the  isomer  shift  for  the  [A,  C]  sites  of  dH/dNgi  = 
—  0.149  and  dd/dNgi  =  0.08  mm/s,  respectively,  as  shown  in 
Fig.  5,  where  Ng-,  is  the  number  of  silicon  first  neighbors. 


Nsi 

Fig.  5.  Isomer  shift  and  magnetic  field  as  function  of  number  of  Si  first 
neighbors  for  FejSi. 
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Fe-Si  distance  [A] 

Fig.  6.  Isomer  shift  as  a  function  of  Fe-Si  distance  for  Fe  sites  with  eight  Si 
first  neighbors  in  different  compounds  (the  value  for  FejSi  [A,  C]o  was 
extrapolated  from  Fig.  5). 


This  is  consistent  with  a  reduction  of  1 1^35(0)  p  due  to  differ¬ 
ent  degrees  of  shielding  of  the  3s  electrons  by  the  d-like  elec¬ 
tron  contributions  of  Si  atoms  [5,  25].  The  isomer  shift  and 
the  field  at  the  B  site  are  consistent  with  the  six  next  nearest 
neighbors  Si  atoms. 


4.  Conclusions 

The  Mossbauer  parameters  for  different  novel  epitaxially 
stabilized  phases  of  the  Fe-Si  system  as  well  as  for  FeSi3 
thin  films  grown  by  MBE  have  been  reported.  We  found 
that  for  Fe  sites  characterized  by  eight  first  neighbors  Si 
atoms  the  isomer  shift  scales  linearly  with  the  Fe-Si  dis¬ 
tance,  as  shown  in  Figure  6.  An  increase  in  the  distance 
results  in  a  reduction  of  the  contact  electron  contribution 
and  therefore  in  an  increase  of  the  isomer  shift.  As  shown  in 


Figure  5  the  isomer  shift  depends  also  on  the  number  of  Si 
atoms  in  the  first  coordination  sphere  of  Fe  [5,  6]. 
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Abstract 

In  this  paper,  we  report  optical  studies  of  nitrogen  doped  ZnSe  epilayers 
grown  by  molecular  beam  epitaxy.  Photoluminescence  spectra  of  the 
donor-acceptor  pair  region  at  different  temperatures  and  different  carrier 
concentrations  show  that  two  donors  are  present  in  the  samples,  residual 
shallow  donors  with  activation  energy  26meV  and  deep  donors  with  acti¬ 
vation  energy  of  46meV  previously  assigned  to  a  Vs^-Zn-Nj,  complex.  In 
the  exciton  region  we  observe  a  new  emission  at  2.765  eV  and  the  intensity 
increases  when  the  epilayer  is  compensated  by  the  deep  donor.  We  there¬ 
fore  propose  that  this  transition  is  related  to  a  deep  donor  bound  exciton. 
Excitation  power  dependent  photoluminescence  measurements  show  the 
presence  of  two  deep  transitions  separated  by  23meV  at  low  excitation 
intensities  which  we  propose  are  due  to  deep  donor-acceptor  pairs. 


1.  Introduction 

There  has  been  a  long  history  of  attempts  to  dope  ZnSe 
p-type.  Park  et  al.  [1]  and  Ohkawa  et  al.  [2]  were  the  first 
to  successfully  dope  ZnSe  grown  by  molecular  beam  epitaxy 
(MBE)  using  nitrogen  as  a  dopant  and  this  important  step 
led  to  the  first  demonstration  of  II- VI  blue-green  semicon¬ 
ductor  laser  diodes  [3,  4,  5].  Qiu  et  al.  [6]  first  examined  the 
photoluminescence  spectra  over  a  range  of  doping  levels 
and  showed  that  ZnSerN  is  characterised  by  intense  donor- 
acceptor  pair  (DAP)  emissions.  They  reported  p-type 
doping  levels  up  to  10^®cm“^  but  additional  nitrogen  is 
fully  compensated  and  so  we  must  understand  the  role  of 
the  nitrogen  in  the  ZnSe  in  order  to  increase  the  number  of 
active  nitrogen  acceptors. 

We  note  that  nitrogen  forms  an  acceptor  in  ZnSe  with 
activation  energy  of  llOmeV.  Detailed  photoluminescence 
(PL)  measurements  on  nitrogen  doped  ZnSe  by  Hauksson 
et  al.  [7]  showed  that  a  new  DAP  emission  occurred  in 
highly  nitrogen  doped  ZnSe  and  it  was  shown  that  a  deep 
compensating  donor  with  a  binding  energy  of  44meV 
existed  in  more  heavily  doped  material.  It  was  proposed 
that  the  donor  is  a  complex  consisting  of  a  nitrogen  accep¬ 
tor  and  a  doubly  charged  selenium  vacancy  donor  on  a  next 
nearest  neighbour  site  (Vg^-Zn-NsJ.  This  complex  would 
therefore  be  a  single  donor. 

Recent  Optically  Detected  Magnetic  Resonance  (ODMR) 
results  [8]  on  the  same  samples  showing  both  shallow  and 
deep  DAP  luminescence,  showed  signals  due  to  the  shallow 
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isotropic  donors  and  deep  anisotropic  donors  consistent 
with  our  proposed  model.  Three  ODMR  resonance  were 
observed;  ^  =  1.11  for  the  26meV  shallow  donors,  g  =  1.38 
for  the  44  meV  deep  donor  and  g  =  2.00  for  the  1 10  meV 
deep  nitrogen  acceptor. 

ZnSe :  N  samples  were  measured  by  C-V  profiling  four 
months  after  growth  and  we  observed  change  in  the  carrier 
concentration  [9].  Similar  changes  can  also  been  seen  in  the 
photoluminescence  spectra  where  the  deep  DAP  transitions 
increase  relatively  to  the  shallow  DAP  over  a  period  of  six 
months.  These  results  suggest  that  vacancies  diffuse  from  the 
layer  surface  and  the  creation  of  deep  donors  therefore  con¬ 
tinues  after  growth  at  room  temperatures.  Calculations  of 
vacancy  concentrations  as  a  function  of  temperature  and 
selenium  and  zinc  over  pressures  have  shown  that  the 
material  is  always  undersaturated  with  vacancies  and  that 
there  is  a  substantial  concentration  gradient  leading  to  the 
subsequent  in  diffusion  of  vacancies  [9]. 

In  this  paper  we  examine  the  recombination  process  in 
nitrogen  doped  ZnSe  grown  by  MBE  and  report  detailed 
temperature  dependence  measurements  of  the  emission  for 
different  nitrogen  doping  levels  which  show  that  the  shallow 
and  deep  donors  are  associated  with  the  nitrogen  acceptors 
in  the  DAP  recombination.  Excitation  power  dependence 
measurements  show  the  presence  of  deep  impurity  tran¬ 
sitions  possibly  associated  with  deep  donor-acceptor  pairs. 


2.  Experimental  details 

The  epilayers  were  grown  by  molecular  beam  epitaxy 
(MBE)  using  a  Vacuum  Generators  VG288  growth  system 
and  details  are  given  elsewhere  [10].  For  p-type  doping  we 
used  a  nitrogen  rf  plasma  source  supplied  by  Oxford 
Applied  Research.  For  some  samples  part  of  the  layer  was 
illuminated  by  above  bandgap  light  during  growth  using  a 
Krypton  ion  laser  (351  nm)  with  levels  up  to  4Wcm“^.  In 
the  case  of  p-type  dopant,  the  incorporation  of  active  nitro¬ 
gen  is  affected  by  the  illumination  and  it  has  been  shown 
that  doping  levels  are  increased  [11].  For  the  samples  con¬ 
cerned,  a  diameter  of  approximately  5  mm  was  illuminated 
through  a  heated  quartz  window.  Thus  a  range  of  doping 
levels  can  be  explored  by  observing  the  PL  from  different 
parts  of  the  crystal.  For  example,  the  maximum  nitrogen 
concentration  will  be  at  the  centre  of  the  illuminated  region 
and  the  minimum  outside  the  laser  spot. 
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Measurements  were  made  on  samples  of  various  doping 
levels.  The  PL  data  presented  here  are  from  six  samples, 
#328,  #270,  #276,  #277,  #278  and  #279.  All  six 
samples  are  ZnSe  layers  of  approximately  1.5  pm  thickness 
on  [100]  GaAs  substrate.  Sample  #328  was  not  illuminated 
during  growth.  The  uncompensated  acceptor  concentration, 
where  No  is  the  donor  concentration  and  the 
acceptor  concentration,  was  measured  by  electrochemical 
capacitance-voltage  (C-V)  profiling  [12]  and  was  found  to 
be  uniform  in  the  direction  of  growth.  Doping  levels  are 
given  in  Table  I  for  each  sample.  The  PL  measurements 
were  performed  using  cw  Ar"^  ion  gas  laser  (351  nm).  An 
Oxford  cryostat  was  used  to  cool  samples  down  to  4  K  and 
the  temperature  could  be  varied  up  to  room  temperature.  A 
SPEX  0.85  m  double  monochromator  was  used  for  the  spec¬ 
tral  analysis  and  the  signal  was  detected  with  a  cooled  GaAs 
photomultiplier  tube.  In  the  measurements  of  the  depen¬ 
dence  of  emission  on  excitation,  the  exciting  light  intensity 
was  varied  by  using  a  variable  neutral  density  filters. 

3.  Results 

3.1.  Bound  excitons 

Figure  1  shows  the  PL  spectra  in  the  exciton  region  from 
three  regions  of  a  nitrogen  doped  ZnSe  at  4K  where  the 
different  regions  correspond  to  unirradiated,  partly  irradi¬ 
ated  and  fully  irradiated  parts  of  the  crystal  and  therefore 
correspond  to  different  doping  level.  Spectra  for  all  regions 
are  dominated  by  acceptor  bound  exciton  (A°X)  emission  at 
2.7893  eV  which  demonstrates  that  the  sample  is  p-type. 
Free  and  donor  bound  exciton  features  can  be  seen  for  all 
regions.  The  lowest  curve  (a)  in  Fig.  1  shows  the  results  from 
the  unirradiated  part  of  the  layer.  The  emission  at  2.758  eV 
is  the  phonon  replica  of  the  (A°X)  emission.  The  emission  at 
2.765  eV  has  not  been  discussed  before  as  far  as  we  know 
and  the  intensity  increases  with  increasing  nitrogen  incorp¬ 
oration.  We  therefore  conclude  that  this  emission  has  its 
origin  from  the  creation  of  a  deep  donor  complex,  such  as 
excitons  bound  to  the  deep  donors  (DjcepX).  This  would 
correspond  to  an  exciton  binding  energy  of  38.1  me V  com¬ 
pared  to  lOmeV  for  excitons  bound  to  neutral  acceptor.  In 
curve  (b)  we  see  that  the  (D^e^pX)  emission  has  increased 
three  times  and  then  it  is  constant  going  from  (b)  to  (c).  The 
emission  at  2.784  eV  behaves  in  a  similar  way  but  we  attrib¬ 
ute  this  to  excitons  bound  to  pairs  of  acceptors  separated  by 
different  distances  in  the  lattice  and  this  emission  also 
increases  as  the  acceptor  concentration  increases. 

3.2.  Donor-Acceptor  pair  emission 

Figure  2  shows  PL  spectra  at  various  temperatures  for  a 
sample  which  only  shows  shallow  DAP  emission  (Nf,-No  = 
7  X  10‘®cm“^).  The  spectrum  at  4K  shows  dominant 


Photon  Energy  [eV] 

Fig.  1.  PL  spectrum  for  sample  #270  taken  at  4K.  The  three  different 
spectra  are  taken  at  different  positions,  (a)  just  outside  the  laser  spot,  (b)  on 
edge  of  the  laser  spot  and  (c)  just  inside  the  laser  spot.  Going  from  a)  to  c) 
changes  from  1  x  10’’ to  1.5  x  10*''cm■^ 

shallow  DAP  emission  and  its  phonon  replica  {hco^o  = 
31.5  meV  for  ZnSe).  The  free  to  acceptor  (F-A)  emission  is 
observed  as  a  shoulder  on  the  high  energy  side  of  the  no¬ 
phonon  DAP  emission.  The  Yq  transition  is  also  observed 
but  this  emission  has  been  related  to  lattice  defects.  As  we 
increase  the  temperature  the  DAP  intensity  and  its  phonon 
replicas  decrease  as  the  donors  ionise  and  the  (F-A)  tran¬ 
sition  with  phonon  replicas  becomes  dominant  at  50  K.  At 
145  K  the  donor-to-free  hole  (D-F)  emission  has  become 
dominant  indicating  that  the  acceptors  are  partially  ionised 
while  at  room  temperature  the  D-F  or  free  electron  to  free 
hole  (F-F)  emission  dominates. 

Figure  3  shows  the  PL  spectra  for  a  sample  with  more 
active  nitrogen  {Nf,-No  =  2  x  10^^cm“^)  and  we  observe 
two  distinct  DAP  transitions.  Strong  evidence  for  the  exis¬ 
tence  of  two  donors  with  different  activation  energies,  as 
proposed  by  Hauksson  et  al.  [7],  is  the  difference  in  the 
quenching  behaviour  of  the  two  different  DAP  transitions 
as  temperature  is  increased.  We  clearly  see  that  the  shallow 
DAP  emission  decreases  faster  than  the  deeper  DAP  tran¬ 
sitions  and  this  demonstrates  that  there  are  two  donors 
involved  with  different  activation  energies. 


Table  I.  Active  nitrogen  concentration  [cw  ^] 


Sample  no. 

270 

276 

277 

278 

279 

328 

Na-N„* 

NA-N„t 

1  X  10” 

1.5  X  10” 

4  X  10” 

2.5  X  10” 

2  X  10” 

1.9  X  10” 

7  X  10‘* 

2.1  X  10” 

3  X  10** 

1.6  X  lO*’ 

1  X  10*’ 

*  Inside  laser  spot, 
t  Outside  laser  spot. 
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Fig.  2.  PL  spectrum  of  #  278  at  different  temperature.  The  spectra  are 
taken  outside  the  laser  spot  where  (Na'^d)  is  7  x  10**  cm"’. 


For  temperatures  higher  than  40  K  the  intensity  of  the 
deep  DAP  emission  decreases  very  rapidly,  and  at  70  K  the 
F-A  and  deeper  transitions  dominate  the  spectra.  In  fact, 
these  deeper  transitions  dominate  the  emission  from  highly 
doped  material  but  even  at  this  doping  level  they  are  clearly 


Photon  Energy  [eV] 

Fig.  3.  Temperature  dependent  PL  of  #328.  Excitation  intensity  is 
approximately  0.1  W/cm“^. 


observable.  We  will  later  show  that  these  deeper  transitions 
are  DAP  emissions  which  dominate  the  spectra  for  doping 
levels  greater  than  2  x  10^^cm“^.  At  higher  temperatures, 
the  luminescence  evolves  towards  band-to-band  recombi¬ 
nation. 

Figure  4  shows  the  PL  spectra  at  different  temperatures 
for  more  heavily  doped  sample  than  the  one  discussed 
above.  Only  deep  DAP  transitions  and  phonon  replicas  are 
observed  at  4  K.  When  the  temperature  is  increased  a  free- 
to-acceptor  transition  appears  indicating  that  the  llOmeV 
acceptor  is  still  present.  At  higher  temperatures  (150  K), 
F-A,  D-F  and  free-to-free  (F-F)  transitions  dominate  the 
spectrum  and  we  can  also  see  some  features  of  deep  tran¬ 
sitions. 

3.3.  Deep  emissions 

Figure  5  shows  the  PL  spectra  for  DAP  emission  under  dif¬ 
ferent  excitation  intensities.  We  have  three  sets  of  measure¬ 
ments  for  the  irradiated  regions  of  three  different  samples. 
Fig.  5(a)  show  PL  from  sample  #  278  which  has  an  acceptor 
concentration  of  2.1  x  10^^cm“^,  Fig.  5(b)  shows  PL  from 
sample  #277  with  an  acceptor  concentration  of 
2  X  10‘^cm“^  and  Fig.  5(c)  show  PL  from  sample  #276 
with  an  acceptor  concentration  of  4  x  10^^  cm“^.  The  nitro¬ 
gen  flux  during  growth  was  lowest  for  sample  #278  but 
highest  for  #276  so  we  expect  less  nitrogen  incorporation 
for  sample  #278  and  highest  incorporation  for  #276.  In 
Fig.  5(a),  the  PL  is  dominated  by  deep  DAP  transitions  and 
we  observe  a  shift  of  the  no-phonon  line  to  higher  energy 
with  higher  excitation  intensity.  This  is  explained  in  terms  of 
recombination  between  close  DAPs  compared  with  distant 
pairs.  When  we  excite  the  samples  harder,  we  saturate  the 
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Fig.  4.  Temperature  dependent  PL  of  sample  #  278  taken  inside  laser  spot. 
Carrier  concentration  is  (AT A-iVj,)  is  2.1  x  10‘’cm~^. 
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Fig.  5.  PL  spectrum  taken  at  4K  showing  deep  DAP  transitions  for  differ¬ 
ent  excitation  intensity.  Spectrum  (a)  to  (c)  show  measurements  form 
sample  #278  inside  laser  spot  and  spectrum  (d)  to  (f)  show  measurements 
from  sample  #277  inside  laser  spot.  Excitation  intensity  is  approximately; 
Fig.  5(a):  (a):  3.5W/cm-^  (b):  0.1  W/cm’,  (c):  2  x  10-*W/om-^  Fig.  5(b): 
(a);  3.5W/cm-^  (b):  0.35W/cm-^  (c):  3.5  IQ-’W/cm"^  and  Fig.  5(c):  (a) 

I. 0Wcm-^  (b)  0.3  Wcm-^  (c)  0.05  Wcm"^  and  (d)  0.01  Wcm'^ 

recombination  with  larger  r  and  recombination  with  small  r 
increases,  that  is,  the  DAP  emission  shifts  to  higher  energy. 
Going  from  1  x  10~'^Wcm“^  to  lWcm“^  the  peak  shifts 

II. SmeV  compared  to  the  shallow  DAP  emission  which 
shifts  4.6  me V  for  the  same  intensity  range.  For  low  excita¬ 
tion  intensity  the  Coulomb  term  is  at  a  minimum  since  we 
are  observing  distant  pairs  and  so  we  obtain  the  best  esti¬ 
mation  for  Eq.  Assuming  that  the  Coulomb  term  is  the 
same  for  shallow  and  deep  DAP  recombination  we  get  a 
new  estimation  of  46  meV  as  a  lower  limit  for  the  activation 
energy  of  the  deep  donor. 

For  sample  #277  [Fig.  5(b)],  curve  (a)  shows  the  PL 
spectrum  for  high  excitation  intensity  and  we  can  see  the 
transitions  which  corresponding  to  deep  DAP  emission  with 
phonon  replicas.  From  curve  (b)  to  (c)  the  excitation  inten¬ 
sity  is  decreased  and  the  emission  shifts  to  lower  energy  and 
the  shape  of  the  emission  changes.  For  sample  #276  [Fig. 
5(c)],  the  highest  excitation  (curve  (a))  shows  emission  which 
is  also  close  to  the  deep  DAP  transitions  but  the  peak  on 
the  lower  energy  side  does  not  match  the  LO  phonon 


replica.  As  we  lower  the  excitation  intensity  the  spectrum  is 
characterized  by  two  peaks  which  are  separated  by  approx¬ 
imately  23meV.  It  is  important  to  notice  that  the  shape  of 
this  deep  emission  does  not  seem  to  change  when  the  excita¬ 
tion  power  is  changed. 

4.  Discussion  and  conclusions 

In  Fig.  5  we  compare  three  samples  with  almost  the  same 
active  nitrogen  concentration  (Nj^-No)  but  we  observe  differ¬ 
ent  PL  spectra  due  to  the  different  degree  of  incorporation 
of  non-active  nitrogen.  Comparison  by  Qiu  et  al.  [6]  of  the 
(JVa-Nd),  measured  by  C-V,  with  the  nitrogen  concentration 
[N],  as  determined  by  secondary-ion-mass-spectroscopy 
(SIMS)  shows  that,  typically  (Nj^-Njy)  reaches  the  value 
5  X  lO^’^cm"^  quite  quickly  but  then  saturates  as  com¬ 
pensation  by  donors  occurs.  A  typical  value  for  [N]  for  this 
saturation  value  is  1.8  x  10^®cm“^.  The  additional  non¬ 
active  nitrogen  will  form  donor  complexes  which  play  a 
major  role  in  changing  the  PL  spectra.  This  kind  of  emis¬ 
sion  was  first  observed  by  Qiu  et  al.  [6]  and  they  proposed 
that  this  emission  is  related  to  DAP  recombination  where 
the  donor  level  has  broadened  into  an  impurity  band. 
However,  the  excitation  PL  measurements  are  not  consis¬ 
tent  with  this  model. 

The  PL  data  at  different  temperatures  show  that  two  dif¬ 
ferent  donors  are  present  in  ZnSe  with  doping  concentra¬ 
tion  around  1  x  lO^^cm"^,  a  shallow  donor  with  activation 
energy  of  26  meV  and  a  deep  donor  with  activation  energy 
of  46  me V  previously  proposed  as  a  Vse  -Zn-Nse  complex.  In 
highly  doped  ZnSe  (>2  x  lO^'^cm"^)  the  excitation  laser 
dependence  of  the  PL  shows  an  emission  which  is  always 
characterised  by  two  bands  separated  by  23meV  without 
LO  phonon  replicas.  We  propose  that  these  transitions 
result  from  close  (Djeep  >  A°)  pair  recombination. 
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Abstract 

The  luminescence  intensity  of  Pr^'^  varies  dramatically  with  the  A1  mole 
fraction  in  Pr-implanted  Al,Gai_,As.  Two  groups  of  major  luminescence 
peaks  have  been  observed  near  1.6  and  1.3  pm,  which  can  be  attributed  to 
the  transitions  of  ^Fj -*  and  of  Pr^"^,  respectively.  For 

GaAs,  the  luminescence  peak  intensity  near  1.3  pm  is  strong  and  the  peak 
intensity  near  1.6  pm  is  weak,  whereas  the  opposite  has  generally  been 
observed  for  Al,Gai_,As.  Furthermore,  only  Al^  jjGao  jjAs  shows  very 
strong  luminescence  peaks  near  1.6  pm.  This  may  be  explained  with  a  pro¬ 
posed  excitation  model  for  the  4/'-electron  of  Pr^'*'  in  Al,,Gai_,^As. 

Rare  earth  element  doped  semiconductors  are  potentially 
valuable  as  light-emitting  sources  for  various  optoelectronic 
and  photonic  devices.  High  luminescence  intensities  of  rare 
earths  in  III-V  semiconductors,  however,  have  not  yet  been 
achieved  to  a  technologically  practical  level.  This  is  partially 
due  to  the  limited  understanding  of  the  excitation  mecha¬ 
nism  by  which  energy  pumped  into  the  host  lattice  is  trans¬ 
ferred  to  the  rare  earth  4/  electrons.  This  situation  is  further 
complicated  by  the  fact  that  the  energy  levels  of  rare  earth- 
related  deep  centers,  which  are  believed  to  be  very  impor¬ 
tant  in  4/-electron  excitations,  are  different  for  each  rare 
earth  element.  For  example,  the  Yb-related  deep  center  in 
InP  :  Yb  has  an  electron  trap  level  at  30meV  below  the  con¬ 
duction  band  [1],  while  Er-related  deep  centers  in  GaAs  :  Er 
have  two  hole  traps  at  35  and  340  meV  above  the  valence 
band  [2],  Among  the  rare  earth  elements,  Er  and  Yb  have 
been  studied  the  most,  but  little  work  has  been  done  on 
praseodymium  (Pr)  doped  III-V  semiconductors,  even 
though  Pr^  is  of  considerable  interest  due  to  its  emissions 
near  1.6  and  1.3  pm,  which  are  respectively  near  the 
minimum  attenuation  and  dispersion  in  silica-based  optical 
fibers.  Previously  reported  results  of  the  photoluminescence 
(PL)  of  Pr^  ^  in  III-V  semiconductors  include  GaP :  Pr 
[3-5],  InP ;  Pr  [6,  7]  and  GaAs  :  Pr  [7-9].  Very  recently, 
Erickson  et  al.  [10]  have  reported  PL  spectra  of  GaAs  :  Pr 
along  with  calculations  of  crystal-field-split  energy  levels. 

In  order  to  better  understand  the  excitation  and  de¬ 
excitation  mechanisms  of  4/  electrons  of  Pr^  in  GaAs  and 
Al^Gai-j-As,  and  thereby  to  find  the  enhancing  mechanism 
of  the  luminescence  intensity,  we  have  carried  out  a  system¬ 
atic  study  of  Pr-implanted  GaAs  and  Al4Gai_^As  using 
low-temperature  PL.  This  study  has  been  performed  as  a 
function  of  bandgap  energy  with  different  Al  mole  fractions 


and  anneal  temperatures,  and  an  excitation  mechanism  for 
Pr^  ions  is  suggested  here. 

PL  was  excited  with  an  Ar-ion  laser  at  a  power  of  200 
mW,  dispersed  with  a  |-m  spectrometer  using  a  1.25  pm 
blazed  grating,  and  detected  with  a  liquid-nitrogen  cooled 
Ge  detector.  Pr-ion  implantation  was  carried  out  at  room 
temperature  at  an  energy  of  390  keV  with  a  dose  of 
5  X  10^^  10*^,  or  5  X  which  yielded  a  projected 

range  of  0.09  to  0.1  pm  depending  on  the  Al  mole  fraction  in 
Al^Gai-^As.  Substrates  used  were  LEC  grown  undoped 
GaAs,  and  MOCVD  grown  undoped  Al^Guj-^As  with 
X  =  0.15, 0.3,  and  0.5. 

Figure  1  shows  the  PL  spectra  obtained  from  undoped 
GaAs  and  Alo.15Gao.85As  implanted  with  Pr  and  annealed 
at  various  temperatures.  The  emission  spectra  consist  of  two 
main  PL  peak  groups:  one  group  near  0.78 eV  (1.59pm), 
and  the  other  group  near  0.94  eV  (1.32  pm).  The  former 
group  consists  of  at  least  four  main  emission  peaks  at  0.755, 
0.769,  0.779,  and  0.783  eV,  which  are  attributed  to  the  intra- 
Af  transitions  between  the  crystal-field-split  states  of  the 
excited  level  ^Fj  and  the  ground  level  of  Pr^'*'.  The 
latter  group  consists  of  at  least  five  main  emission  peaks  at 
0.893,  0.898,  0.917,  0.931,  and  0.945  eV,  which  are  attributed 
to  the  intra-4f  transitions  between  the  states  of  the  excited 
levels  ^G4  and  of  Pr^'^.  Also,  very  weak  transitions 
between  ^G4  and  ^H4  have  been  observed  at  1.15  eV  and 
1.20  eV,  which  were  detectable  only  for  the  GaAs  :  Pr. 

Figure  1  shows  that  for  GaAs :  Pr,  the  anneal  tem¬ 
perature  of  700  °C  is  certainly  too  low,  and  850  °C  is  too 
high.  Although  the  strongest  emissions  are  seen  at  the 
775  °C  anneal,  the  emission  intensities  vary  little  over  the 
range  of  750  to  825  °C.  Furthermore,  the  emission  peak 
positions  remain  the  same  for  the  entire  anneal  temperature 
range.  This  suggest  that  the  Pr^"*"  luminescence  center  is 
thermally  very  stable  as  would  be  expected  for  substitut¬ 
ional  Pr  on  a  Ga  site.  This  observation,  however,  differs 
markedly  from  the  anneal  behavior  of  Er  in  GaAs,  which 
exhibits  a  strong  dependence  of  the  1.55  pm  emissions  on 
the  anneal  temperature  [11,  12].  The  anneal  behavior  of  the 
Alo.15Gao.85 As :  Pr  shows  that  appreciable  PL  can  be 
observed  by  annealing  it  even  at  700  °C.  The  PL  intensity 
increases  with  the  anneal  temperature  up  through  750  °C, 
exhibiting  the  best  PL  emissions  for  775  °C  with  the  signal 
decreasing  above  this  temperature.  Similarly  to  GaAs :  Pr, 
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Fig.  1.  Photoluminescence  spectra  taken  at  3  K  for  GaAs  and 
gjAs  implanted  with  Pr  at  390  keV  with  a  dose  of  10‘^/cm^,  and 
annealed  at  indicated  temperatures  for  15  sec  using  the  rapid  thermal 
annealing  method.  The  zero  PL  level  of  each  spectrum  is  indicated  by  a 
short  horizontal  line  on  the  left  axis. 

the  PL  signal  is  very  stable  near  750  and  775  °C.  The 
optimum  anneal  temperature  obtained  for  both  x  =  0.3  and 
0.5  hosts  was  725  °C. 

A  PL  study  of  Pr^  ^  was  also  conducted  as  a  function  of  x 
for  Al,Gai-^As :  Pr  and  the  results  obtained  from  each 
sample  with  optimum  anneal  temperature  and  dose  are 
shown  in  Fig.  2.  It  is  clearly  seen  that  each  PL  peak  position 
in  both  0.78  and  0.94  eV  emission  groups  remains  virtually 
the  same  for  all  samples.  However,  the  PL  intensities  of  the 
two  luminescence  groups  vary  dramatically  as  a  function  of 
X.  For  GaAs  :  Pr,  the  intensity  of  the  0.94  eV  emission  group 
is  strong,  but  that  of  the  0.78  eV  emission  group  is  very 
weak.  On  the  other  hand,  for  Alg  ijGao.ssAs :  Pr,  the  PL 
intensity  of  the  0.78  eV  group  increases  drastically  compared 
to  that  for  GaAs  :  Pr,  although  the  intensity  of  the  0.94  eV 
emission  group  remains  about  the  same  as  that  of 
GaAs :  Pr.  However,  as  x  increases  further  to  0.3,  the  PL 
intensity  of  the  0.78  eV  group  now  decreases  considerably 
compared  to  that  for  Alo.15Gao.85As :  Pr,  and  the  0.94eV 
emission  group  almost  disappears.  For  Alo.5Gao.5As  :  Pr, 
the  PL  intensity  of  the  0.78  eV  group  decreases  much 
further.  This  behavior  is  very  different  from  that  observed 
from  Er-doped  AlGaAs  [2,  13],  which  showed  that  the  PL 
intensity  of  the  Er  rose  with  x  through  x  =  0.5.  This  sug¬ 
gests  that  the  excitation  mechanisms  for  Er  and  Pr  in 
Al^jGaj  may  be  different. 

The  excitation  mechanism  of  the  df  electrons  of  Pr^"^  in 
III-V  semiconductors  is  essentially  unknown.  However, 
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Fig.  2.  Photoluminescence  spectra  taken  at  3  K  for  Al^Gai  _,,As  with 
X  =  0,  0.15,  0.30,  and  0.50  implanted  with  Pr  at  390  keV  with  an  optimum 
dose  of  10’^.  5  X  10'^,  5  x  10*’,  and  5  x  lO'Vctn’,  respectively.  Samples 
were  rapid  thermal  annealed  for  15  sec  at  indicated  optimum  temperatures. 


present  experimental  results  give  insight  into  the  possible 
excitation  and  de-excitation  mechanisms  of  4/  electrons  of 
the  Pr^^.  In  order  to  explain  the  excitation  mechanism  of 
the  4/  electrons  and  the  PL  intensity  dependence  on  A1  mole 
fraction,  it  is  assumed  that  the  recombination  energy  of  an 
exciton  bound  to  the  Pr^^  center  is  transferred  non- 
radiatively  to  the  4/  electrons.  It  is  further  assumed  that  the 
recombination  energy  could  not  only  excite  one  4/  electron 
as  is  typically  assumed  for  the  rare  earth  in  semiconductors, 
but  could  also  simultaneously  excite  two  4f  electrons,  one 
from  each  of  two  closely  located  Pr^  ions.  This  assumption 
has  been  made  because  the  bound  exciton  recombination 
energy  is  generally  too  large  to  excite  only  one  Pr^  ion  and 
to  carry  away  the  remaining  energy  through  other  particles 
and/or  the  lattice.  At  present,  the  Pr-related  deep  energy 
levels  in  ALGai_^As  are  unknown,  as  is  the  recombination 
energy  of  an  exciton  bound  to  Pr^"''.  It  is  assumed  that  the 
trap  level  is  somewhere  around  a  few  tens  to  hundreds  of 
meV  based  on  results  for  GaAs  :  Er  and  InP  :  Yb. 

Figure  3  shows  the  center  of  gravity  of  each  energy  level 
manifold  of  Pr^"*^  in  LaCla  [14].  These  energy  levels  are 
used  in  the  explanation  of  excitation  and  emission  mecha¬ 
nisms  for  the  currently  observed  PL  results  for  Pr^'*'.  For 
GaAs :  Pr,  the  bound  exciton  recombination  energy  is 
expected  to  be  ~  1.5  eV,  and  energetically,  one  4/  electron  in 
the  ^H4  ground  state  can  be  excited  to  the  ^G4  level 
(~1.20eV)  with  the  remaining  energy  used  to  excite  another 
4/ electron  from  the  ^H4  to  the  ^Hs  excited  state  (~0.26eV) 
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Fig.  3.  Center  of  gravity  of  energy  states  of  Pr^'^  in  an  ionic  crystal  of 
LaClj  along  with  the  host  semiconductor  bandgap  positions.  The  observed 
main  Pr’"^  emission  lines  and  associated  crystal  field  splittings 
(exaggerated)  are  also  shown.  The  numbers  indicate  energy  differences 
between  states  in  units  of  eV. 

and/or  carried  away  to  the  lattice  in  phonon  form.  Subse¬ 
quently,  the  excited  electron  in  the  ^64  level  can  make  a 
transition  mainly  to  the  level,  emitting  strong  0.94  eV 
group  lines  and  make  a  very  weak  transition  to  the  state 
^H4.  Another  possible  excitation  is  the  promotion  of  one  4/ 
electron  from  the  ^H4  to  either  the  ^F4  (~0.83eV)  or  ^F3 
(~0.78eV)  excited  state  with  the  simultaneous  excitation  of 
a  second  4/  electron  from  the  ^H4  to  the  ^F2  excited  state 
(~0.60eV).  However,  no  observation  of  the  ^F2 ^H4 
emissions  have  been  reported  [10]  from  GaAs  :  Pr,  implying 
that  this  route  of  simultaneous  excitation  of  df  electrons  is 
at  best  comparatively  weak.  Further,  this  route  is  energeti¬ 
cally  less  probable  than  the  previous  ^64  excitation  route, 
thus  the  0.78  eV  group  emissions  are  weak. 

On  the  other  hand,  the  case  for  Alo.15Gao.85As :  Pr  is 
energetically  very  different  from  that  for  GaAs  :  Pr.  The 
bound  exciton  recombination  energy  is  expected  to  be 
~  1.7  eV.  This  energy  is  well  matched  to  excite  two  4/  elec¬ 
trons  from  the  ground  states  to  either  two  ^F4  excited  states 
(~0.83eV  X  2  =  ~  1.66eV),  two  ^Fj  excited  states 
(~0.78eV  X  2  =  ~  1.56 eV),  and/or  one  to  the  ^F4  state  and 
the  other  to  the  ^Fj  state.  Note  here  that  the  crystal-field- 
split  ^F4  and  ^Fj  states  may  be  so  close  that  the  excited 
electron  in  ^F4  could  thermalize  to  the  lowest  level  of  the 
^Fj  manifold.  This  is  supported  by  the  fact  that  no  direct 
emissions  from  the  ^F4-based  transitions  were  observed  in 
this  study.  At  any  rate,  the  electrons  in  the  ^Fs  level, 
through  the  above  excitation  routes,  can  make  transitions  to 
the  ^H4  level,  resulting  in  very  strong  0.78  eV  group  line 


emissions.  Therefore,  it  is  believed  that  the  drastic  increase 
in  the  intensity  of  the  0.78  eV  group  emissions  of 
Alo.15Gao.85As  :  Pr  compared  to  those  of  GaAs  :  Pr  is  due 
to  the  well-matched  energy  transfer.  Also  the  bound  exciton 
recombination  energy  could  excite  one  4/  electron  to  the 
^G4  excited  state  (~  1.20eV)  and  the  other  4/  electron  to  the 
excited  state  (~0.26eV),  but  energetically,  this  route 
would  certainly  not  be  as  strong  as  the  previous  one.  There¬ 
fore,  the  0.94  eV  group  emissions  remain  strong,  but  not  as 
strong  as  the  0.78  eV  group  emissions. 

For  Alo.3Gao.7As  :  Pr,  the  bound  exciton  recombination 
energy  is  expected  to  be  ~1.9eV.  The  excitation  closest  to 
this  recombination  energy  would  be  that  associated  with  the 
excitation  of  one  4/  electron  from  the  ground  state  to  the 
^G4  excited  state  and  the  simultaneous  excitation  of  the 
other  4/  electron  to  the  ^F2  excited  state.  However,  as  men¬ 
tioned  above,  the  simultaneous  excitation  route  of  Af  elec¬ 
trons  involving  the  ^F2  is  at  best  comparatively  weak,  and 
consequently  emissions  from  the  ^G4  ->  ^Hj  transitions  near 
0.94  eV  can  also  be  weak,  which  is  consistent  with  the  present 
result.  On  the  other  hand,  as  for  the  case  of  Alo.15Gao.85As, 
the  excitation  of  two  4/  electrons  from  ground  states  to 
either  two  ^F4  excited  states,  two  ^F3  excited  states,  and/or 
one  to  the  ^F4  state  and  the  other  to  the  ^F3  state  is  still 
possible.  However,  these  transitions  are  much  less  energeti¬ 
cally  favorable  than  those  for  Alo.15Gao.8As  because  of  the 
larger  energy  mismatch.  Thus,  the  PL  intensity  for  the 
0.78  eV  group  emissions  is  still  strong,  but  is  much  weaker 
than  that  of  the  Alo.15Gao.85As.  For  the  indirect  bandgap 
Alo.5Gao.5As,  the  bound  exciton  recombination  energy  is 
expected  to  be  ~2.06eV,  and  the  excitations  discussed  for 
the  Alo.3Gao.7As :  Pr  may  still  be  applied  with  a  possible 
additional  transition  involving  However,  the  excita¬ 
tions  and  emissions  will  be  reduced  considerably  from  those 
for  Alo.3Gao.7As  because  of  the  larger  energy  mismatch. 

In  conclusion,  the  emission  intensity  of  Pr^^  in 
Al,tGai_,jAs :  Pr  varies  dramatically  with  the  energy 
bandgap  depending  on  the  A1  mole  fraction.  Two  main 
emission  groups  have  been  observed  near  1.6  and  1.3  pm, 
which  can  be  attributed  to  the  transitions  ^F3  -♦  ^H4  and 
^G4  ^  ^H5  of  Pr^^,  respectively.  This  observation  may 
possibly  be  explained  using  a  model  involving  simultaneous 
excitation  of  two  4/  electrons  from  two  closely  located  Pr^  ^ 
ions  via  a  non-radiative  energy  transfer  from  Pr-bound 
exciton  recombination.  The  excitations  are  strong  when 
they  are  energetically  well-matched,  otherwise  they  are 
weak. 
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Abstract 

Similar  to  hydrogen  the  group-I  element  lithium  passivates  various  shallow 
and  deep  levels  in  GaAs.  In  p-type  GaAs  lithium  passivates  the  shallow 
acceptors  Zn^^  and  Cd^^  and  the  deep  acceptor  Cuo„ .  In  n-type  GaAs  it 
passivates  native  deep  donors  such  as  EL2  and  EL6.  However,  in  contrast 
to  hydrogen  there  is  no  evidence  of  the  passivation  of  shallow  donors  by 
lithium  in  GaAs.  The  passivation  of  shallow  acceptors  in  p-type  GaAs  is 
inferred  from  a  simultaneous  increase  of  the  Hall  hole  mobility  and 
decrease  in  free  carrier  concentration  throughout  the  bulk  of  Li-diffused 
samples.  The  acceptors  can  be  reactivated  by  thermal  annealing.  We  attrib¬ 
ute  the  passivation  to  the  formation  of  neutral  Li-Zn  and  Li-Cd  complexes. 
The  passivation  of  Cuo^  is  concluded  from  the  disappearance  of  deep  level 
transient  spectroscopy  (DLTS)  signals  due  to  the  Cuq^  acceptor  levels  at 
Ey  -I-  0.15  and  Ey  +  0.40  eV  when  the  material  is  diffused  with  Li.  A  similar 
disappearance  is  observed  for  the  well  known  PL  band  at  1.36  eV  also 
attributed  to  the  Cuq,  defect.  Both  DLTS  and  PL  signals  can  be  reactivat¬ 
ed  by  thermal  annealing.  Passivation  of  the  native  deep  donors  EL2  and 
EL3  in  n-type  GaAs  is  concluded  from  the  reduction  of  the  relevant  peak 
heights  in  DLTS  spectra  after  Li-diffusion.  The  defects  can  be  reactivated 
by  thermal  annealing. 

1.  Introduction 

Hydrogen  passivation  of  shallow  and  deep  impurities  is  a 
well  known  phenomenon  both  in  elemental  and  compound 
semiconductors  [1-5].  The  interaction  of  hydrogen  with 
defects  in  Si  and  GaAs  has  great  technological  significance. 
Doping  with  other  group-I  elements,  on  the  other  hand, 
may  be  important  in  order  to  clarify  the  mechanism  by 
which  hydrogen  passivates.  However,  little  information  is 
available  in  the  literature  on  the  susceptibility  of  shallow  or 
deep  levels  to  passivation  by  other  elements  than  hydrogen 
in  any  semiconductor. 

All  common  shallow  level  acceptors  in  Si  can  be  passi¬ 
vated  by  reaction  with  atomic  hydrogen.  Also,  hydrogen 
passivation  of  the  usual  shallow  donors  can  be  obtained, 
although  the  passivation  effect  is  not  as  strong  as  for  the 
acceptors.  In  Si  the  passivation  of  deep  levels  by  hydrogen  is 
well  known,  but  the  mechanism  by  which  the  neutralization 
occurs  is  not  as  well  understood  as  in  the  case  of  the 
shallow  impurities  [6].  Passivation  by  other  species  such  as 
the  alkali  metals  that  could  give  important  information  on 
the  nature  of  the  bonding  between  the  deep  level  impurities 
and  hydrogen  is  scarce.  Recently,  however,  it  has  been 
established  that  lithium  causes  strong  passivation  of  the 
deep  Au  centre  in  n-type  Si  [7].  As  far  as  shallow  level  pass¬ 
ivation  is  concerned  lithium  has  been  reported  to  reduce  the 
number  of  electrically  active  acceptors  in  Si  [6]. 

Much  work  on  shallow  impurity  passivation  in  GaAs  has 
been  carried  out  and  it  is  now  well  established  that  hydro¬ 
gen  passivates  both  shallow  donors  [2]  and  acceptors  [5]  in 
GaAs.  As  far  as  the  relatively  high  concentration  of  native 


deep  levels  in  as-grown  GaAs  is  concerned,  hydrogen  is 
known  to  passivate  a  number  of  these  levels,  the  most 
notable  defect  being  the  double  donor  EL2  [8,  9].  Also, 
passivation  of  the  deep  Cu  acceptor  [10]  by  hydrogen  has 
recently  been  reported  [4].  The  details  of  the  mechanism  by 
which  hydrogen  neutralizes  deep  defects  is  even  less  investi¬ 
gated  in  GaAs  than  in  Si.  Doping  by  other  group-I  impu¬ 
rities  has  mostly  been  limited  to  lithium  in  fundamental 
investigations  [11]. 

Passivation  of  electrically  active  defects  in  semiconductors 
is  characterized  by  a  reduction  of  the  carrier  concentration 
and  a  concurrent  increase  of  the  carrier  mobility.  This  effect 
is  caused  by  the  formation  of  neutral  pairs  that  reduces  both 
the  carrier  concentration  and  the  number  of  ionized  scat¬ 
tering  centres.  In  the  case  of  electrical  compensation,  on  the 
other  hand,  the  reduced  number  of  charge  carriers  is  always 
accompanied  by  a  decrease  of  the  mobility  brought  about 
by  an  increase  of  the  number  of  oppositely  charged  scat¬ 
tering  centres.  The  effects  of  passivation  on  the  mobility  are 
likely  to  be  screened  by  other  effects  such  as  compensation 
or  inhomogeneity  unless  the  passivated  defect  controls  the 
concentration  of  majority  carriers  in  the  material.  Thus, 
passivation  of  deep  level  defects  does  not  enhance  the 
carrier  mobility  in  our  samples  although  its  effect  on  the 
DLTS  spectra  is  quite  dramatic. 


2.  Experimental 

For  Li-diffusions  we  used  open  quartz  ampoules  in  an  Ar 
ambient  with  the  samples  immersed  in  a  saturated  Ga-As 
melt  prepared  from  6N  Ga  metal,  GaAs  and  99.9%  Li 
metal.  The  amount  of  Li  in  the  melt  ranged  from  0.05- 
0.3  wt%  depending  on  the  shallow  doping  level  of  the  start¬ 
ing  material.  After  diffusion  the  samples  were  cooled  to 
room  temperature  in  the  melt.  A  layer  about  50  pm  was 
removed  from  the  surface  of  the  Li-diffused  samples  after 
which  they  were  polished  and  chemically  etched.  In  most 
cases  reference  samples  were  made  under  identical  condi¬ 
tions  without  Li.  Cu  diffusions  were  made  in  the  same  way, 
but  with  typically  5wt%  of  5N  Cu  in  the  Ga-As  melt 
instead  of  Li.  For  DLTS  measurements  Schottky  diodes 
were  made  by  evaporating  1000  A  thick  A1  dots  of  diameter 
1mm  onto  p-samples  but  similar  Au  dots  onto  n-type 
samples.  Ohmic  contacts  were  made  on  the  backside  of  the 
samples  by  welding  Zn-  or  Sn-coated  gold  wire  to  the 
surface  of  p-  and  n-type  samples,  respectively. 

The  Li  concentration  profiles  were  analyzed  by 
secondary-ion  mass  spectroscopy  (SIMS)  using  a  CAMECA 
IMS  4f  system  with  a  Li-implanted  reference  sample  of 
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known  fluence  for  calibration.  The  carrier  concentration 
and  mobility  were  determined  with  Hall  effect  measure¬ 
ments  using  the  van  der  Pauw  technique.  Photolumine¬ 
scence  measurements  were  made  at  14  K  with  the  514.5  nm 
Ar  laser  line  as  an  excitation  source.  The  signal  was  detected 
via  a  double  0.85  m  Spex  1404  monochromator  using  a 
cooled  Ge  detector.  DLTS  measurements  were  performed  in 
a  system  based  on  a  1-MHz  Boonton  72B  capacitance 
bridge  and  a  double  gate  boxcar  averager.  Thermal  scans 
were  carried  out  in  a  closed-cycle  He  cryostat  equipped  with 
a  feedback  temperature  controller. 


3.  Li-passivation  of  shallow  acceptors  in  p-type  GaAs 

In  order  to  investigate  the  effects  of  lithium  diffusion  on 
shallow  acceptors  a  number  of  horizontal  Bridgman  p-type 
GaAs  samples  with  Zn  or  Cd  concentration  10^^-10*®cm“^ 
were  Li-diffused  using  the  procedure  described  in  the  pre¬ 
vious  section.  The  diffusion  conditions  were  chosen  to 
ensure  a  Li  concentration  comparable  to  that  of  the  shallow 
acceptors  and  a  homogeneous  distribution  through  the  bulk 
of  the  samples. 

Figure  1  illustrates  the  mobility  enhancement  in  the  tem¬ 
perature  range  40-300  K  caused  by  the  lithium  diffusion  of 
two  different  starting  materials  at  600  °C.  In  both  cases  the 
lithium  concentration  was  determined  with  SIMS  measure¬ 
ments  to  be  close  to  the  shallow  acceptor  concentration.  In 
both  cases  the  mobility  increases  in  the  entire  temperature 
range  whereas  the  carrier  concentration  at  room  tem¬ 
perature  decreases  more  than  two  orders  of  magnitude.  The 
largest  increase  of  the  mobility,  sixfold  the  original  value,  is 
observed  in  the  Zn-doped  starting  material  slightly  above 
the  temperature  range  between  50  and  100  K  where  the 
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Fig.  I.  Hall  hole  mobility  as  a  function  of  temperature  for  as-grown 
GaAs  :  Zn  and  GaAs  :  Cd  samples  and  two  Li-diffused  samples  prepared  as 
indicated  in  the  figure.  The  Li  concentration  of  the  GaAs  :  Zn-Li  sample  is 
1  X  10*®cm“^  and  the  hole  concentration  JVp3oo  =  3  x  10*®cm“^,  but 
^p3oo  =  2  X  10*^  for  the  GaAs  :  Cd-Li  sample.  The  Li  concentration  of  the 
latter  was  not  measured. 


dominating  carrier  scattering  mechanism  is  ionized  impurity 
scattering.  The  mobility  enhancement  is  less  pronounced  in 
the  Cd-doped  samples,  but  still  significant.  We  interpret  the 
increased  hole  mobility  in  terms  of  a  reduction  of  the 
number  of  electrically  active  acceptors  caused  by  the  forma¬ 
tion  of  neutral  donor-acceptor  complexes. 

Figure  2  shows  the  temperature  variation  of  the  hole 
mobility  in  three  samples  made  from  the  same  Zn-doped 
starting  material,  JVp  =  4  x  lO^’crn"^.  Li  diffusion  at 
400  °C  increases  the  hole  mobility  at  all  temperatures  and  at 
the  same  time  decreases  the  hole  concentration.  This  indi¬ 
cates  passivation  of  the  Zn  acceptors  as  mentioned  above. 
The  Li  concentration  was  determined  by  SIMS  measure¬ 
ments  to  be  similar  to  the  shallow  acceptor  concentration 
[12].  The  hole  mobility  of  the  Li-doped  sample  after  heat 
treatment  in  pure  gallium  metal  at  400  °C  for  8  hours  equals 
that  of  the  as-grown  starting  material  within  experimental 
accuracy  at  all  temperatures  as  illustrated  in  Fig.  2.  The 
hole  concentration  of  the  annealed  sample  is  also  found  to 
be  the  same  as  that  of  the  starting  material  and  the  lithium 
concentration  of  the  sample  is  not  detectable  by  SIMS.  This 
is  true  for  all  Li-diffused  p-type  samples  measured  in  the 
present  investigation. 

By  comparing  the  effect  of  Li-diffusion  at  various  tem¬ 
peratures  on  the  mobility  we  observed  that  diffusion  at 
400  °C  was  most  effective.  For  example,  Li  diffusion  at 
680  °C  reduces  both  the  hole  mobility  and  the  hole  concen¬ 
tration  suggesting  an  increase  in  the  number  of  positively 
charged  scattering  centres  compensating  the  acceptors.  This 
is  also  manifested  by  the  high  Li  concentration  measured  in 
samples  diffused  in  this  temperature  range. 

From  a  number  of  carefully  controlled  Li  diffusions  and 
heat  treatments  at  different  temperatures  we  correlate  both 
hole  mobility  and  carrier  concentration  with  the  Li  concen¬ 
tration  of  the  samples.  If  passivation  is  to  dominate  over 
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Fig.  2.  Hall  hole  mobility  as  a  function  of  temperature  for  (1)  an  as-grown 
GaAs  :  Zn  sample,  (2)  a  Li-diffused  such  sample  and  (3)  a  Li-diffused 
sample  annealed  at  400  °C  for  8  hours  in  pure  Ga-As  melt.  The  heat  treat¬ 
ment  reactivates  the  Li-passivated  Zn  acceptors. 
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compensation  in  p-type  samples  the  Li  concentration  must 
not  significantly  exceed  the  shallow  acceptor  concentration. 
At  high  Li  concentrations  compensation  by  randomly  dis¬ 
tributed  Li-related  donors  obscures  the  passivation  effect. 

In  Zn-doped  GaAs  hydrogen  neutralizes  Zn  by  bonding 
primarily  to  an  As  atom  adjacent  to  the  acceptor  [5,  13]. 
The  hydrogen  is  suggested  to  be  stable  in  a  bond-centred 
configuration  between  the  Zuq^  acceptor  and  the  As  atom. 
This  position  is  not  as  natural  for  the  larger  Li  atom  when  it 
passivates  acceptors  in  GaAs,  however.  Cluster  calculations 
predict  lithium  to  have  affinity  to  the  interstitial  site  in  Si 
[14]  and  the  Li  atom  occupies  an  interstitial  lattice  site 
when  it  pairs  with  the  B  acceptor  [15,  16]  instead  of  the 
bond-centred  Pankove  configuration  of  hydrogen  in  the 
H-B  pair  [17,  18].  It  seems  natural  to  assume  the  same  ten¬ 
dency  for  Li  in  GaAs. 

Evidence  from  LVM  spectroscopy  of  Li-Zn  and  Li-Cd 
pairs  in  GaAs  in  local  vibrational  mode  measurements  [19, 
20]  agrees  with  the  passivation  of  Zn  and  Cd  acceptors 
observed  in  this  work.  The  vibrational  spectrum  of  the 
Li-Cd  pair  in  Li-diffused  GaAs  :  Cd  suggests  that  an  inter¬ 
stitial  Li  donor  passivates  the  substitutional  acceptor  by 
forming  a  neutral  Cd-Li  pair  with  a  <00 1>  axis  [19].  This  is 
the  simplest  configuration  in  the  zincblende  structure 
involving  only  one  Li  atom.  In  the  case  of  Li-doped 
GaAs :  Zn  the  vibrational  spectrum  is  more  complicated, 
whieh  suggests  that  complexes  of  Li  and  Zn  may  involve 
more  than  one  Li  atom  and  have  lower  symmetry  [20]. 


above  assumptions.  Substitutional  Lio^-related  acceptors 
that  compensate  n-type  materials  can  be  expected  to  have 
higher  dissociation  energy  than  the  Lij-Zn  and  Lij-Cd 
neutral  complexes  that  passivate  the  Zn  and  Cd  acceptors  in 
p-type  GaAs. 

5.  Li-passivation  of  deep  copper  acceptors  in  p-type  GaAs 

The  passivation  of  deep  Cu-acceptor  levels  by  hydrogen  and 
deuterium  has  been  observed  for  the  elemental  semicon¬ 
ductors  germanium  [22]  and  silicon  [23],  as  well  as  for  the 
compound  semiconductor  gallium  arsenide  [4].  In  all  cases 
passivation  was  inferred  from  the  reduction  of  relevant  peak 
heights  in  DLTS  spectra  of  samples  that  had  been  exposed 
to  a  hydrogen  or  deuterium  plasma.  We  have  observed  that 
similar  passivation  can  be  brought  about  by  Li  diffusion. 

Zinc-doped  horizontal  Bridgman  GaAs  with  free  hole 
concentration  at  room  temperature  JVp  =  2  x  10‘®cm“^ 
was  first  diffused  with  Cu  at  650  °C  and  then  with  Li  at 
400  °C.  A  number  of  samples  were  annealed  at  400  °C  to 
investigate  the  effects  of  post-diffusion  heat  treatment.  Cu- 
diffused  samples  were  heated  for  4  hours  at  400  °C  in  a  satu¬ 
rated  Ga-As  melt,  free  of  both  Cu  and  Li.  Cu-Li-diffused 
samples  were  heated  for  6  hours  at  400  °C  in  an  Ar  gas 
ambient.  We  summarize  our  DLTS  and  PL  results  in  Figs  3 
and  4. 

Figure  3  shows  DLTS  curves  for  Cu-  and  Cu-Li-diffused 
samples.  Curve  a  is  the  DLTS  spectrum  for  GaAs  :  Zn  after 


4.  Compensation  of  shallow  donors  by  lithium  in  n-type 
GaAs 

The  effects  of  lithium  doping  on  shallow  donors  were 
studied  in  a  wide  range  of  undoped.  Si-  and  Sn-doped 
n-type  GaAs  starting  materials  with  different  free  electron 
concentrations.  The  samples  were  diffused  to  Li  concentra¬ 
tions  eomparable  to  that  of  the  shallow  donors.  Li  diffusion 
of  n-type  GaAs  always  reduces  the  electron  concentration  in 
a  similar  way  as  found  for  the  hole  concentration  of  p-type 
samples.  At  a  given  diffusion  temperature,  however,  the 
carrier  concentration  is  more  easily  reduced  in  the  p-type 
samples.  In  the  present  investigations  we  have  not  found 
evidence  for  passivation  of  donors.  Instead,  Li  diffusion 
always  causes  the  electron  mobility  to  drop  together  with 
the  electron  concentration  as  expected  for  compensation. 
There  is  a  further  difference  between  Li-diffused  n-  and 
p-type  GaAs.  In  a  sharp  contrast  to  the  recovery  demon¬ 
strated  in  Fig.  2  for  Li-diffused  p-type  GaAs  annealing  at 
400  °C  has  little  effect  on  Li-diffused  n-type  samples. 

The  fact  that  local  vibrational  modes  of  Li  paired  with 
shallow  donors  can  be  observed  in  n-type  starting  materials 
[21]  does  not  mean  that  the  Li  forms  neutral  pairs  with  the 
donors  (which  is  our  definition  of  passivation).  Isolated  Lic^ 
is  expected  to  be  a  double  acceptor  and  if  paired  with  a 
single  donor  it  still  acts  as  a  single  acceptor.  Such  Li-related 
acceptors  would  act  as  compensating  centres  that  give  rise 
to  local  vibrational  modes  of  Li  with  donors.  We  conclude 
from  our  measurements  that  Li-related  acceptors  compen¬ 
sate  the  shallow  donors  in  Li-diffused  n-type  samples.  The 
observation  that  Li-diffused  n-type  starting  material  is 
resistant  to  annealing  at  400  °C  whereas  Li-diffused  p-type 
samples  are  restored  by  similar  annealing  agrees  with  the 
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Fig.  3.  DLTS  spectra  for  GaAs  :  Zn  after:  (a)  Cu  diffusion  for  5  hours  at 
650  °C;  (b)  Cu  diffusion  as  in  (a)  and  a  subsequent  Li  diffusion  for  4  hours 
at  400 °C.  Both  Cu-related  peaks  have  disappeared;  (c)  annealing  of  the 
Cu-Li-diffused  sample  for  6  hours  at  400  °C.  The  Cu-peaks  have  been  reac¬ 
tivated.  The  measurement  parameters  for  all  curves  are  f^  =  2V,  f^  =  2V 
and  T  =  0.414  ms. 
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Fig.  4.  Photoluminescence  spectra  for  GaAs  :  Zn  after;  (a)  Cu  diffusion  for 
5  hours  at  650  °C;  (b)  Cu  diffusion  as  in  (a)  and  a  subsequent  Li  diffusion 
for  4  hours  at  400  °C.  Complete  passivation  of  the  Cu-related  1.36  eV  PL 
band  is  observed;  (c)  annealing  of  the  Cu-Li-diffused  sample  for  6  hours  at 
400 ‘’C.  The  1.36  eV  band  is  reactivated. 

Cu  diffusion  at  650  °C  and,  for  reasons  to  be  explained,  an 
additional  annealing  for  4  hours  at  400  °C  in  a  saturated 
Ga-As  melt.  There  are  three  main  peaks  in  the  spectra,  at 
65  K,  245  K  and  340  K,  of  which  the  first  two  are  caused  by 
the  copper  diffusion  [10],  Arrhenius  plots  were  used  to  esti¬ 
mate  the  activation  energy  of  the  levels  associated  with  the 
peaks.  The  peak  at  340  K  is  due  to  a  level  with  an  activation 
energy  of  0.58  eV  and  is  also  present  in  GaAs  :  Zn  starting 
material.  This  level  has  not  been  investigated  in  detail,  but 
its  presence  is  presumably  a  result  of  iron  contamination 
during  crystal  growth  [24].  The  peaks  at  65  K  and  245  K 
originate  according  to  our  DLTS  measurements  from  levels 
with  activation  energies  0.15  and  0.40  eV,  respectively.  Using 
admittance  spectroscopy  it  has  been  shown  that  0.13eV  is  a 
more  accurate  value  for  the  activation  energy  of  the  shallo¬ 
wer  level  [10].  The  difficulty  of  determining  its  activation 
energy  with  standard  DLTS  measurements  can  be  explained 
by  carrier  freezeout  at  low  temperatures.  Annealing  of  the 
Cu  diffused  material  at  400  °C  in  a  saturated  Ga-As  melt 
increases  the  amplitude  of  the  DLTS  peak  at  65  K,  but  does 
not  affect  other  parts  of  the  spectrum.  By  monitoring  the 
transient  capacitance  below  65  K  we  have  seen  that  this  may 
be  attributed  to  a  reduction  in  the  peak  quenching  due  to 
carrier  freezeout.  The  increased  peak  height  is  therefore  not 
due  to  a  concentration  increase  of  the  responsible  defect.  As 
the  Li  diffusion  and  the  annealing  of  the  Cu-Li-diffused 
sample  are  carried  out  at  400  °C  the  DLTS  curve  for  the 
annealed  Cu-diffused  sample  (curve  a)  is  the  correct  one  to 
use  in  the  comparison. 

After  Li  diffusion  at  400  °C  both  the  Cu  related  DLTS 
peaks  disappear  from  the  spectra  as  can  be  seen  from  curve 
b  in  the  figure.  After  annealing  the  Cu-Li-diffused  material 
for  6  hours  at  400  °C  in  an  Ar  gas  ambient  the  Cu-related 


DLTS-peaks  reappear  (curve  c).  A  weak  DLTS  peak 
labelled  A  in  Fig.  3  disappears  with  Li-diffusion  but  reap¬ 
pears  with  annealing.  The  identity  of  the  peak  is  unknown 
but  Li  obviously  affects  it  in  a  similar  manner  to  the  Cu- 
related  peaks.  There  is  another  DLTS  peak,  B,  visible  on 
curve  b  in  the  figure,  that  appears  after  Li  diffusion  but  dis¬ 
appears  with  annealing  at  400  °C.  The  associated  level  has 
an  activation  energy  0.32  eV.  In  starting  material  and  in 
solely  Li-diffused  material  this  level  is  not  observed.  We 
therefore  suggest  that  a  Li-Cu  related  defect  is  responsible 
for  it. 

Figure  4  shows  three  PL  spectra.  Curve  a  is  the  PL  spec¬ 
trum  for  GaAs  :  Zn  after  Cu  diffusion  at  650  °C.  The  main 
PL  band  at  approximately  1.48  eV  arises  from  transitions 
from  donor  or  conduction-band  states  to  shallow  Zn  accep¬ 
tors.  The  Cu-related  PL  band  at  1.36  eV  reveals  that  Cuqj  is 
present  in  the  material  [25,  26].  Also  visible  are  the  first  two 
LO-phonon  replicas  of  the  1.36  eV  line.  Curve  b  is  the  PL 
spectrum  of  the  Cu-diffused  material  after  a  subsequent  Li 
diffusion  at  400  °C.  The  Li  diffusion  quenches  the  1.36  eV 
luminescence  but  does  not  affect  the  1.48  eV  band.  To 
examine  whether  the  heat  treatment  by  itself  affects  the  PL 
spectra  of  Cu-diffused  samples,  some  of  them  were  annealed 
for  4  hours  at  400  °C  in  a  saturated  Ga-As  melt  free  from  Li. 
This  treatment  has  no  effect  on  the  PL  spectrum.  Heat 
treatment  does,  however,  affect  the  Cu-Li  diffused  samples. 
The  1.36  eV  luminescence  band  can  be  reactivated  in  Cu-Li- 
diffused  samples  by  annealing  for  6  hours  at  400  °C  in  an  Ar 
gas  ambient.  This  corresponds  to  curve  c  in  the  figure. 

Room  temperature  capacitance-voltage  (CV)  measure¬ 
ments  on  Schottky  junctions  were  used  to  find  the  net 
acceptor  concentration  in  the  near-surface  region  of  the 
samples.  The  Cu  diffusion  at  650  °C  increases  the  concentra¬ 
tion  compared  to  the  starting  material.  Annealing  of  the  Cu- 
diffused  samples  at  400  °C  in  a  saturated  Ga-As  melt  does 
not  change  this.  Li  diffusion  at  400  °C,  on  the  other  hand, 
reduces  the  concentration  to  a  value  slightly  below  that  of 
the  starting  material.  The  Li  diffusion  therefore  cancels  the 
effect  of  copper  and  also  gives  rise  to  some  extra  concentra¬ 
tion  reduction.  In  light  of  our  results  concerning  the  passi¬ 
vation  of  Znoa  by  Li  we  attribute  the  additional  reduction 
to  the  formation  of  neutral  Li-Zn  complexes.  Annealing  of 
the  Cu-Li-diffused  material  at  400  °C  returns  the  net  accep¬ 
tor  concentration  to  its  value  prior  to  Li  diffusion. 

From  the  DLTS  results  we  conclude  that  lithium  passi¬ 
vates  the  copper-related  defects  associated  with  the  0.15eV 
and  0.40  eV  acceptor  levels.  From  PL  measurements  we 
conclude  that  a  similar  passivation  occurs  for  the  acceptor 
associated  with  the  1.36  eV  pair  luminescence.  The  coherent 
behavior  of  the  Cu-related  DLTS  and  PL  signals  agrees 
with  the  hypothesis  that  the  signals  are  all  due  to  the  same 
defect,  although  it  does  not  exclude  other  possibilities. 

6.  Passivation  of  deep  donor  levels  in  undoped  n-type  GaAs 

by  lithium 

Hydrogenation  has  been  reported  to  passivate  the  main 
deep  native  donor  levels  in  n-type  GaAs  [8,  9].  We  have 
observed  similar  passivation  due  to  Li-diffusion.  In  the 
investigation  we  used  undoped  horizontal  Bridgman  (HB) 
starting  material  with  free  electron  concentration  at  room 
temperature  =  1.5  x  10^®cm“^.  Li  was  introduced  into 
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samples  by  diffusion  at  500  °C  in  a  saturated  Ga-As  melt. 
For  comparison  we  made  a  reference  sample  by  annealing 
the  as-grown  starting  material  under  similar  conditions  but 
without  Li  in  the  melt. 

Figure  5  shows  three  DLTS  spectra.  Curve  a  is  the  spec¬ 
trum  for  the  starting  material  after  annealing  for  20  hours  at 
500  °C  and  serves  as  a  reference.  The  annealing  does  not 
change  the  DLTS  spectrum  compared  to  the  as-grown 
material.  The  spectrum  is  characteristic  of  n-type  as-grown 
HB  GaAs  [27].  It  has  three  main  peaks  at  160K,  250  K  and 
350  K  which  we  attribute  to  the  native  defects  EL6,  EL3 
and  EL2  respectively.  Curve  b  is  the  spectrum  after  Li  diffu¬ 
sion  for  20  hours  at  500  °C.  The  Li  diffusion  has  a  profound 
effect  on  the  spectrum.  The  peak  due  to  EL6  disappears  and 
the  EL2  peak  is  considerably  reduced.  Also,  at  least  two 
peaks,  at  200  K  and  280  K,  that  are  not  observed  in  the 
starting  material  appear  after  the  Li  diffusion.  We  do  not 
observe  any  new  DLTS  peaks  in  Li-diffused  samples  that 
represent  levels  of  similar  concentration  as  the  EL6  and 
EL2  in  the  starting  material.  Curve  c  is  the  spectrum  after 
the  Li-diffused  sample  has  been  annealed  for  20  hours  at 
500  °C  in  a  saturated  Ga-As  melt  free  of  Li.  The  spectrum 
has  returned  to  its  form  prior  to  Li  diffusion  and  shows  a 
definite  recovery  of  the  EL6  and  EL2  peaks.  From  room 
temperature  CV  measurements  a  decrease  in  effective  donor 
concentration  is  observed  in  Li-diffused  samples.  Annealing 
at  500  °C  returns  the  concentration  to  its  value  prior  to  Li- 
diffusion. 

From  the  DLTS  results  we  conclude  that  Li  diffusion 
causes  passivation  of  the  deep  donors  EL6  and  EL2  in 
GaAs.  Further  investigations  are  needed  in  order  to  estab- 
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Fig.  5.  DLTS  spectra  for  undoped  n-type  GaAs  after:  (a)  annealing  for  20 
hours  at  500 °C  in  a  saturated  Ga-As  melt  free  from  Li;  (b)  Li  diffusion  for 
20  hours  at  500 '“C.  The  main  peaks  in  the  spectrum,  EL2  and  EL6,  have 
been  considerably  reduced:  (c)  annealing  of  the  Li-diffused  sample  for  20 
hours  at  500  °C.  The  EL2  and  EL6  peaks  have  been  reactivated.  The  mea¬ 
surement  parameters  for  all  curves  are  =  2V,  V^  =  2V  and  r  =  82.8 ms. 


lish  the  microscopic  structure  of  the  centres  originating  from 
the  passivation. 

7.  Summary 

We  have  observed  that  lithium  can  passivate  both  shallow 
and  deep  acceptor  levels  in  p-type  GaAs  and  deep  donor 
levels  in  n-type  GaAs.  We  see  no  evidence  for  the  passiva¬ 
tion  of  shallow  donor  levels,  however.  On  the  contrary,  we 
have  strong  reason  to  believe  that  Li  cannot  passivate 
shallow  donors  in  GaAs.  The  main  experimental  argument 
is  that  enhancement  of  electron  mobility  never  accompanies 
reduction  of  the  electron  concentration  by  Li  diffusion.  In 
fact  the  mobility  always  decreases.  Also  the  relatively  high 
thermal  stability  of  Li-diffused  n-type  GaAs  contrary  to 
observations  in  hydrogenated  samples  argues  against  passi¬ 
vation  [6]. 

It  has  been  shown  that  hydrogen  has  a  negative  charge 
state  in  n-type  GaAs  and  that  passivation  of  shallow  donors 
is  most  likely  due  to  Coulomb  attraction  between  H"  and 
positively  charged  donors  [28,  29].  Negatively  charged  Li 
has  to  our  knowledge  not  been  observed  in  any  semicon¬ 
ductor  and  is  in  fact  not  expected  to  exist  due  to  the  low 
electron  affinity  of  Li.  As  Coulomb  interaction  is  commonly 
thought  to  be  a  strong  driving  force  for  the  passivation  of 
shallow  levels,  it  is  reasonable  to  assume  that  the  charge 
state  of  the  mobile  lithium  in  n-type  GaAs  is  a  decisive 
factor  in  determining  whether  or  not  it  passivates  the 
shallow  donors.  As  for  the  observed  passivation  by  lithium 
of  the  deep  donor  EL2  in  GaAs  it  is  not  likely  to  result  from 
a  simple  Coulomb  interaction  because  the  Fermi  level  in  the 
material  at  our  diffusion  temperature  is  well  above  the  EL2 
level  which  consequently  is  neutral. 
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Abstract 

Collision  cascades  in  crystalline  silicon  due  to  impinging  10  eV  -  IkeV  Si 
atoms  are  simulated  using  molecular  dynamics  methods.  The  simulations 
are  carried  out  for  30-100  events  to  obtain  representative  statistics  for  pro¬ 
duction  of  different  types  of  vacancies.  The  results  are  used  to  examine  the 
dependence  of  vacancy  production  on  the  interatomic  Si-Si  potential 
between  the  colliding  atoms.  The  dependence  of  the  number  of  vacancies 
was  found  to  be  sensitive  to  the  form  of  the  potential  well  but  not  to  the 
repulsive  potential.  The  results  suggest  that  within  the  heavily  damaged 
volume  of  the  collision  cascade  an  interatomic  potential  with  somewhat 
narrower  well  than  that  of  the  commonly  used  Stillinger-Weber  potential 
should  be  used  to  simulate  the  vacancy  production  in  silicon. 

1.  Introduction 

Processes  that  produce  damage  in  crystalline  silicon  during 
ion  implantation  have  been  studied  extensively,  see  e.g.  Refs 
[1-6].  Simulations  of  vacancy  production  processes  in 
solids  have  been  carried  out  using  various  binary-collision- 
approximation  (BCA)  and  molecular  dynamics  (MD)  simu¬ 
lation  methods  [7].  Only  rough  estimates  on  the  number  of 
vacancies  can  be  obtained  with  the  BCA  methods  in  the 
framework  of  the  empirical  Kinchin-Pease  equation  [7], 
Molecular  dynamics  simulation  methods  are  required  in 
realistic  simulations  of  collision  cascades. 

In  MD  simulations,  defect  formation  has  typically  been 
estimated  on  the  basis  of  a  single  or  a  couple  of  cascade 
simulations  (see  e.g.  Refs  [8,  9]).  However,  this  leads  to 
highly  unreliable  results,  as  illustrated  by  Fig.  1.  In  Fig.  1 
the  number  of  vacancies  in  ten  different  collision  cascades 
produced  by  a  300-eV  Si  atom  recoiling  in  crystalline  silicon 
(c-Si)  are  shown  as  a  function  of  time  along  with  the  average 
value  calculated  from  100  events  (see  below). 


Fig.  I.  Number  of  vacancies  produced  by  300  eV  recoils  with  randomly 
selected  initial  recoil  directions.  Ten  individual  events  and  the  average  cal¬ 
culated  from  100  events  are  shown. 


In  previous  works  where  processes  in  c-Si  have  been 
simulated  with  MD  methods  employing  classical  potentials, 
the  number  of  defects  obtained  has  been  found  to  be  signifi¬ 
cantly  higher  than  experimental  values  [10].  Low-energy 
processes  in  small  atom  clusters  can  be  more  realistically 
simulated  using  ab  initio  MD  methods  [11,  12]  than  with 
classical  MD  methods.  However,  ab  initio  MD  simulations 
are  still  far  too  slow  to  handle  processes  involving  inter¬ 
action  energies  higher  than  a  few  eV  or  systems  with  more 
than  a  few  hundreds  of  atoms.  Therefore,  a  better  under¬ 
standing  of  classical  MD  simulation  methods  is  desirable  to 
obtain  more  realistic  defect  concentrations  in  simulations  of 
collision  cascades,  which  involve  keV  energies  and  several 
thousands  of  atoms. 

This  work  was  undertaken  to  study  how  the  vacancy  pro¬ 
duction  during  the  implantation  of  lOeV-lkeV  Si  atoms 
into  c-Si  depends  on  the  interatomic  Si-Si  potential. 

2.  Principles  of  the  simulations 

The  MD  simulations  were  carried  out  using  a  modified 
version  of  the  computer  code  used  previously  in  our  labor¬ 
atory  for  the  simulation  of  slowing  down  of  low-velocity 
recoils  (energy  less  than  lOOeV/amu)  produced  in  thermal 
neutron  capture  reactions  [13]. 

The  potential  employed  in  the  simulations  was  the 
Stillinger-Weber  three-body  potential  commonly  used  in 
simulating  the  structure  of  c-Si  [14].  To  obtain  a  realistic 
potential  at  small  separations  (r  <  1.7  A),  the  Stillinger- 
Wever  potential  was  splined  between  r  =  1.7A  and  2.0  A 
with  the  repulsive  potential. 

The  simulation  of  a  collision  cascade  was  initiated  by 
selecting  a  recoiling  atom  among  silicon  atoms  in  one 
corner  of  the  simulation  cell,  and  giving  it  a  recoil  velocity 
in  an  isotropically  chosen  direction  in  one  quadrant.  A 
recoil  energy  of  1  keV  was  selected  to  test  the  effect  of  the 
repulsive  potential.  To  test  the  effect  of  the  potential  well 
separately,  lower  energies  were  chosen.  However,  in  order  to 
obtain  statistically  significant  results  it  is  important  that 
more  than  only  a  few  vacancies  are  produced  for  one  recoil 
event.  Therefore,  a  recoil  energy  of  300  eV  which  was  found 
to  yield  between  20  and  50  vacancies  in  one  recoil  event  was 
chosen. 

The  size  of  the  simulation  cell  was  set  to  be  large  enough 
to  contain  the  entire  collision  cascade.  For  1  keV  recoils  this 
amounted  to  a  cell  of  76  x  76  x  76  A^  with  21952  atoms 
and  for  300  eV  recoils  to  a  cell  of  54  x  54  x  54  A^  with  8000 
atoms. 

The  initial  velocities  of  the  atoms  in  the  simulation  cell 
were  chosen  randomly  according  to  the  Maxwell  velocity 
distribution.  Thermal  movement  of  the  atoms  in  the  cell  was 
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simulated  for  lOOfs  at  300  K  to  obtain  realistic  thermal  dis¬ 
placements. 

The  time  step  in  the  simulations  was  initially  0.1  fs  and 
was  made  longer  during  the  simulation  as  the  recoil  atom 
slowed  down.  The  longer  time  steps  were  selected  so  that 
the  fastest  atom  in  the  simulation  cell  did  not  move  more 
than  0.1  A  during  one  time  step.  The  algorithm  employed  to 
solve  the  equations  of  motion  was  a  modified  Beeman  algo¬ 
rithm  presented  in  Ref.  [15]. 

The  temperature  of  the  outermost  3  atom  layers  was 
scaled  down  to  300  K  at  regular  intervals  to  realistically  dis¬ 
sipate  energy  from  the  simulation  cell.  To  prevent  the  entire 
cell  from  starting  to  move  due  to  extra  momentum  obtained 
from  the  recoil  atom,  the  sum  of  the  vector  momenta  of  the 
atoms  in  the  outermost  layer  was  also  scaled  down  to  zero. 
The  scalings  also  prevented  kinetic  energy  from  being  reflec¬ 
ted  back  from  borders  of  the  simulation  cell. 

Vacancies  were  detected  in  several  ways  during  the  simu¬ 
lations.  The  total  number  of  vacancies  was  calculated  by 
counting  all  original  lattice  sites  that  were  empty.  For  each 
located  empty  site  the  nearest-neighbour  sites  were  exam¬ 
ined  for  emptiness,  yielding  the  numbers  of  mono-,  di-,  tri- 
etc.  vacancies.  A  site  was  defined  as  empty  if  it  did  not 
contain  any  atom  within  a  radius  of  1.2  A,  corresponding  to 
the  half  of  the  nearest-neighbour  distance. 

The  number  of  atoms  with  energies  greater  than  a  thresh¬ 
old  energy  of  15eV  (the  minimum  value  of  in  the 
Kinchin-Pease  equation,  see  below)  was  also  calculated. 

3.  Results  and  discussion 

The  dependence  of  the  number  of  vacancies  on  the  repulsive 
potential  was  examined  by  simulating  50 1-keV  recoil  vents 
for  three  different  potentials.  The  potentials  used  were  the 
universal  ZBL  potential  [16],  a  modified  Moliere  potential 
[17],  and  a  potential  obtained  from  ab  initio  calculations 
using  the  commercial  DMol  program  [18,  19].  The  poten¬ 
tials  are  shown  in  Fig.  2,  and  the  results  in  Fig.  3. 

Although  the  number  of  secondary  recoils  with  energies 
greater  than  15eV  (corresponding  to  the  minimum  energy 
required  for  the  formation  of  a  Frenkel  pair  in  c-Si  [20,  21]) 
differ  significantly  for  the  three  potentials  the  number  of 
vacancies  produced  does  not  show  any  statistically  signifi¬ 
cant  dependence  on  the  repulsive  potential. 

To  test  the  effect  of  the  form  of  the  potential  well  on 
vacancy  production,  the  parametres  S,  p,  m^  and  wij  in  the 
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Fig.  2.  Interatomic  repulsive  Si-Si  potentials  used  in  the  simulations  of 
vacancy  production. 
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Fig.  3.  Average  numbers  of  recoiling  Si  atoms  with  energies  greater  than 
15eV  (iVsi(£  >  15  eV))  and  number  of  vacancies  (V„)  produced  in  the 
slowing  down  process  of  one  1-keV  Si  atom  in  c-Si.  The  numbers  are  aver¬ 
ages  calculated  from  50  simulation  events  for  the  three  potentials  shown  in 
Fig.  2. 
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were  modified.  The  unmodified  values  for  the  parametres 
are  S  =  m^  =  m2  =  I  and  p  =  4. 

The  modified  values  were  selected  so  that  the  middle 
point  of  the  well  is  at  the  equilibrium  separation  of  2.35  A, 
and  the  value  of  r  where  the  potential  crosses  x-axis  is  about 
the  same  for  all  the  potentials.  The  parameter  values  were 
selected  to  yield  potentials  where  either  the  width,  the  depth 
or  the  product  of  width  and  depth  was  the  same  as  for  the 
unmodified  potential.  For  all  the  modified  potentials  the 
lattice  stability  was  tested  by  carrying  out  the  simulation  of 
thermal  motion  at  300  K,  and  comparing  the  radial  density 
funetions  after  the  simulation.  The  repulsive  potential  used 
in  the  simulations  was  the  DMol  potential. 

The  simulations  were  carried  out  with  the  unmodified  and 
six  modified  potentials.  Parameters  for  the  width  and  the 
depth  of  the  potentials  are  given  in  Table  I.  The  width  is 
defined  as  the  full  width  at  half  minimum  of  the  total  poten¬ 
tial,  i.e.  the  potential  where  the  repulsive  part  has  been 
joined  to  the  modified  Stillinger-Weber  potential. 

The  time  evolution  of  the  number  of  vacaneies  is  shown 
in  Fig.  4.  The  statistical  error  of  the  number  of  vacancies  is 
about  2  for  all  the  potentials.  During  the  first  100  fs  the 
number  of  vacancies  rises  about  equally  for  all  the  poten¬ 
tials.  After  this  the  results  start  to  differ,  reffecting  the  differ¬ 
ences  in  the  attractive  potential.  After  about  500  fs  an 
approximately  stable  value  in  the  number  of  vaeaneies  is 
reached.  Simulations  carried  out  with  the  unmodified  poten¬ 
tial  for  3000  fs  showed  that  the  value  reached  at  500  fs 
remained  stable. 

The  number  of  vacancies,  calculated  as  the  average  of  the 
values  between  500  and  1000  fs,  is  shown  in  Table  I  for  all 
the  potentials.  Also  shown  are  the  number  of  mono¬ 
vacancies  and  the  sum  of  the  numbers  of  di-,  tri-,  tetra-  and 
pentavacancies,  calculated  as  the  average  of  the  values 
between  800  and  1000  fs. 

For  the  unmodified  Stillinger-Weber  potential  (potential 
1)  the  number  of  vacancies  (Ny)  is  27.  Potential  2  with  the 
same  depth  and  a  5%  narrower  width,  results  in  a  signifi¬ 
cantly  smaller  number  of  vacancies  than  potential  1,  i.e.  16. 
Potential  3  which  has  the  same  width  as  potential  2  but 
where  the  depth  has  been  modified  so  that  the  product  of 
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Table  I.  Widths  and  depths  for  the  unmodified  and  six  modified  Stillinger-Weber 
potentials.  The  average  number  of  vacant  sites,  monovacancies  and  more  complex 
vacancies  produced  in  a  collision  cascade  by  one  300  eV  Si  atom  recoiling  in  c-Si  are 
shown  in  the  three  last  columns 


Potential 

Width  (A) 

Depth  (eV) 

Vacancies 

Monovac. 

Others 

1.  (Unmodified) 

0.903 

2.16 

27 

15 

8 

2.  (narrower) 

0.847 

2.16 

16 

12 

4 

3.  (narrower,  deeper) 

0.847 

2.28 

19 

13 

6 

4.  (wider) 

0.924 

2.16 

37 

18 

15 

5.  (wider,  shallower) 

0.924 

2.10 

36 

19 

12 

6.  (deeper) 

0.903 

2.28 

32 

15 

12 

7.  (shallower) 

0.903 

2.10 

23 

13 

7 

the  width  and  depth  is  the  same  as  for  potential  1,  yields 
about  the  same  value  of  Ny  as  potential  2. 

Potential  4  which  has  the  same  depth  as  potential  1  but  a 
2%  wider  width,  leads  to  a  clearly  higher  value  of  Ny  =  37 
than  potential  1.  Potential  5  with  the  same  width  as  poten¬ 
tial  4  and  the  same  product  of  width  and  depth  as  potential 
1,  results  in  about  the  same  number  of  vacancies  as  poten¬ 
tial  4. 

In  potentials  6  and  7  the  depth  of  the  potential  has  been 
modified  to  the  same  values  as  for  potentials  3  and  5, 
respectively,  but  the  width  is  the  same  as  for  potential  1. 
The  number  of  vacancies  obtained  differs  somewhat  from 
the  values  of  the  unmodified  potential  but  the  difference  is 
significantly  smaller  than  for  the  potentials  2,  3,  4  and  5 
where  the  width  was  changed. 

The  results  indicate  that  the  width  of  the  potential  has  a 
strong  effect  on  Ny .  The  behaviour  can  be  understood  qual¬ 
itatively  in  terms  of  the  interatomic  forces.  The  width  of  the 
well  reflects  the  strength  of  the  forces  involved  when  the 
bond  is  about  to  be  broken.  A  narrower  well  means  that  the 
derivative  of  the  potential,  i.e.  the  force  between  the  atoms, 
is  stronger  at  the  well  borders  resulting  in  stronger  bonds 
and  thus  smaller  numbers  of  vacancies. 

Comparison  of  the  potentials  3  and  5  with  the  potentials 
2  and  4,  respectively,  and  the  potentials  6  and  7  with  the 
potential  1  show  that  a  deeper  potential  yields  a  somewhat 
higher  number  of  vacancies,  and  vice  versa.  This  somewhat 
surprising  effect  is  significantly  weaker  than  the  effect  of  the 
width  of  the  potential,  however. 


Fig.  4.  Average  number  of  vacancies  produced  during  the  first  1000  fs  by 
one  300  eV  Si  atom  for  the  7  modified  Stillinger-Weber  potentials  given  in 
Table  I.  The  numbers  are  averages  calculated  from  at  least  30  simulation 
events. 


What  is  especially  interesting  is  that  relatively  small 
changes  in  the  potential  result  in  large  changes  in  Ny.  For 
instance,  a  2%  increase  in  the  width  of  the  potential 
between  the  potentials  1  and  4  yields  a  37%  increase  in  Ny. 

The  time  evolution  of  different  vacancy  type  defects  is 
shown  over  a  longer  time  scale  in  Fig.  5.  The  number  of 
pentavacancies  is  negligible  and  is  therefore  not  shown.  The 
number  of  complex  (di-,  tri-,  and  tetra-)  vacancies  increases 
rapidly  in  the  beginning  of  the  cascade,  but  decreases  slowly 
after  that,  whereas  the  number  of  monovacancies  increases 
steadily.  This  indicates  that  the  complex  vacancies  slowly 
break  down  to  monovacancies. 

Because  monovacancies  are  mobile  in  silicon  at  room 
temperature  [22],  they  should  disappear  on  a  longer  time 
scale,  of  the  order  of  ps  or  ms.  Due  to  limitations  in  the 
available  computer  capacity,  simulations  of  this  process 
could  not  be  carried  out. 

The  Kinchin-Pease  equation  is  generally  used  to  estimate 
the  number  of  vacancies  produced  in  ion  irradiations  of 
solids.  The  total  number  of  vacancies  Ny  produced  during 
ion  irradiation  is 


Ny 


2E, 


(2) 


where  F[,„  is  the  deposited  nuclear  energy. 

Values  for  the  parameter  have  been  determined 
empirically  by  measuring  the  number  of  Frenkel  pairs  pro¬ 
duced.  The  values  of  E^  given  in  the  literature  for  silicon 
range  from  about  15  to  25  eV,  Refs  [20,  21].  The  equation 
predicts  that  the  number  of  Frenkel  pairs  (corresponding  to 
the  number  of  monovacancies  in  our  simulations)  produced 


Fig.  5.  Time  evolution  of  the  number  of  mono-,  di-  tri-  and  tetravacancies. 
The  numbers  are  averages  calculated  over  10  events  with  the  unmodified 
Stilliger- Weber  potential. 
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by  one  3(X)-eV  recoil  should  be  below  10.  Comparison  of 
this  value  with  the  values  for  mono  vacancies  in  Table  I  indi¬ 
cate  that  the  unmodified  Stillinger-Weber  potential  is  not 
suitable  for  simulations  of  collision  cascades.  The  numbers 
of  vacancies  obtained  with  the  potentials  with  a  narrower 
well  are  nearer  the  values  predicted  by  the  Kinchin-Pease 
equation. 

4.  Conclusions 

In  this  work  we  demonstrated  the  need  and  feasibility  to 
collect  representative  statistics  when  vacancy  production  in 
collision  cascades  due  to  ion  irradiations  is  simulated  in 
MD  calculations.  We  showed  that  vacancy  production  is 
sensitive  to  the  attractive  potential  but  not  to  the  repulsive 
potential.  We  obtained  that  the  Stillinger-Weber  potential 
suitable  for  the  simulations  of  c-Si  at  or  near  equilibrium 
does  not  adequately  describe  interatomic  interactions  in  col¬ 
lision  cascades  and  that  a  modified  potential  with  an  at  least 
5%  narrower  well  than  that  of  the  Stillinger-Weber  poten¬ 
tial  results  in  a  realistic  description  of  vacancy  production  in 
classical  MD  simulations. 
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Abstract 

TiSij  can  be  used  as  a  shunting  layer  to  decrease  the  resistance  of  the 
poly-Si  lines  used  as  interconnections  in  integrated  Si  technology.  In  this 
work  the  correlation  between  the  silicide  thickness,  the  silicide  surface 
roughness,  the  silicide  grain  size,  the  dopants  in  Si,  and  the  crystallinity  of 
Si  was  investigated  on- unpatterned  wafers.  The  results  will  be  used  as  refer¬ 
ence  in  a  further  study  of  silicide  formation  on  sub-micron  poly-Si  lines. 
After  silicide  formation  at  700  °C,  the  surface  roughness  has  been  found  to 
be  strongly  dependent  on  the  thickness  of  the  silicide  layer  formed.  The 
dopants  in  the  Si  did  not  only  retard  the  formation  of  the  C49  phase,  but 
also  hindered  the  transformation  of  TiSij  from  the  C49  to  the  low  resistive 
C54  phase.  The  surface  roughness  did  not  change  when  a  second  annealing 
step  at  850  °C  was  used  to  transform  the  silicide  from  the  C49  phase  to  the 
C54  phase. 

1.  Introduction 

Metallisation  issues  become  critical  when  the  width  of  the 
MOSFET  channel  length  as  well  as  the  line  width  of  the 
interconnections  are  scaled  down  to  sub-micron  dimensions. 
Narrow  polycrystalline  silicon  (poly-Si)  lines  suffer  from 
high  resistance  which  leads  to  high  voltage  drops  and  long 
RC  delay  times.  It  is  therefore  crucial  to  find  another 
material  with  lower  resistivity  to  replace  poly-Si.  With  the 
use  of  multi-level  metallisation  schemes  the  material  also 
has  to  stand  high  process  temperatures.  A  thin  refractory 
silicide  film  on  top  of  the  poly-Si  (so  called  polycide)  can 
fulfil  these  requirements.  Titanium  disilicide  has  been  the 
most  commonly  used  silicide  for  this  purpose  [1]. 

TiSi2  has  two  different  phases  [2,  3].  At  low  formation 
temperatures  (400  °C  to  700  °C)  a  phase  (C49)  is  formed  with 
a  resistivity  around  65pQcm.  At  higher  temperatures  the 
C49  phase  is  transformed  to  the  C54  phase  with  a  resistivity 
around  ISpQcm,  only  five  times  higher  than  the  resistivity 
of  Al.  It  is  the  C54  phase  that  is  required  for  gate  and  inter¬ 
connection  applications.  The  morphology  of  thin  and 
narrow  lines  and  silicide  characteristics  such  as  grain  size, 
surface  roughness,  nucleation  and  thermal  stability  have  to 
be  carefully  controlled. 

It  has  been  reported  that  the  transformation  of  TiSij  from 
the  C49  to  the  C54  phase  is  affected  by  the  dopants  in  Si  [4, 
5],  the  silicide  thickness  [6]  and  the  line  width  [7,  8].  In  this 
study  the  correlation  between  the  surface  roughness,  the  sili¬ 
cide  grain  size,  the  silicide  thickness,  the  dopants  in  Si,  and 
the  crystallinity  of  Si  is  investigated  on  unpatterned  wafers. 
The  results  will  be  used  as  reference  in  a  further  study  of 
silicide  formation  on  sub-micron  poly-Si  lines. 

2.  Experimental 

The  Ti  silicide  was  formed  by  reaction  with  4000  A  thick  Si 
layers,  deposited  on  top  of  a  1000  A  SiOj.  The  silicon  layers 


were  deposited  by  LPCVD  at  560  °C  and  625  °C,  resulting 
in  amorphous  (a-)  Si  and  poly-Si,  respectively.  The  depos¬ 
ited  layers  were  either  doped  by  ion  implantation  with  As  or 
B,  or  undoped.  The  implantation  dose  was  1  •  10^®cm“^  for 
both  As  and  B.  All  wafers  were  heat  treated  at  900  °C  for  60 
minutes  in  O2  to  activate  the  dopants.  The  undoped  wafers 
were  subjected  to  the  same  heat  treatment.  During  the 
dopant  activation,  the  a-Si  layers  became  crystallised,  but 
for  the  sake  of  convenience  “a-Si”  will  still  be  used  through¬ 
out  this  work,  to  identify  the  crystallised  a-Si  layers.  A 
single  layer  of  Ti,  630  A  thick,  or  a  bilayer  consisting  of  Ti, 
400  A  thick  with  a  TiN  cap,  800  A  thick,  was  deposited  on 
the  Si  by  sputtering.  On  wafers  without  the  TiN  cap  the  Ti 
was  especially  thick  in  order  to  compensate  for  the  expected 
nitridation  during  silicide  formation,  which  was  performed 
in  Nj.  The  TiN  cap  layer  was  used  to  prevent  severe  inter¬ 
action  between  Ti  and  N2,  so  as  to  reduce  the  surface 
roughness.  A  two-step  silicide  formation  process  [9]  was 
used  to  form  the  silicide.  After  the  first  step,  by  rapid 
thermal  annealing  (RTA)  in  N2  at  700  °C  for  30  s,  TiSi2  of 
the  C49  phase  was  expected  to  form.  The  TiN  (deposited  or 
formed  during  silicidation)  and  the  unreacted  Ti  were 
removed  from  all  wafers  with  a  standard  etch  sequence 
consisting  of  etching  in  a  solution  of  H2SO4  :  H2O2  = 
4 : 1  followed  by  etching  in  another  solution  of 
NH4OH  :  H2O2  :  H2O  =  1:1:5  [9].  The  wafers  were  then 
subjected  to  a  second  RTA  at  850  °C  for  30  s  in  N2  to  trans¬ 
form  the  TiSi2  from  the  C49  phase  to  the  low  resistive  C54 
phase.  The  experimental  conditions  are  summarized  in 
Table  I. 

X-ray  diffractometry  (XRD)  was  used  to  identify  the  sili¬ 
cide  phase  and  to  determine  the  approximate  grain  size. 
Rutherford  backscattering  spectrometry  (RBS)  with  ‘^He’'" 
ions  at  2.4  MeV  was  employed  to  measure  the  thickness  of 
the  silicide  and  the  remaining  silicon  layers.  The  resistivity 
of  the  two  different  silicide  phases  was  calculated  from  the 
thickness  determined  by  RBS  and  the  sheet  resistance  mea¬ 
sured  by  a  4-point  probe.  The  surface  roughness  of  the  sili- 
cides  was  measured  with  an  atomic  force  microscope 
(AFM).  The  root  mean  square  (RMS)  roughness  is  used  as  a 
figure  of  merit  for  the  surface  roughness  [10]. 

3.  Results  and  discussion 
3.1.  Silicide  formation 

Figure  1  shows  that  the  dopant  in  the  Si  retards  the  silicide 
formation  during  the  first  RTA  step  at  700  °C.  The  n-type 
dopant  (As)  affects  the  formation  more  than  the  p-type 
dopant  (B).  The  silicide  formed  on  the  uncapped  wafers  is 
thicker  than  that  of  the  wafers  with  the  TiN  cap,  probably 
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Table  I.  Experimental  conditions 


Si  crystallinity 
as-deposited 

Si 

doping 

Ti  thickness 
as-deposited  [A] 

TiN  thickness 
as-deposited  [A] 

TiSij  thickness 
as-formed  [A] 

a-Si 

_ 

630 

_ 

1030 

a-Si 

— 

400 

800 

580 

a-Si 

Boron 

630 

— 

830 

a-Si 

Boron 

400 

800 

680 

a-Si 

Arsenic 

630 

— 

780 

a-Si 

Arsenic 

400 

800 

630 

poly 

— 

630 

— 

1130 

poly 

— 

400 

800 

780 

poly 

Boron 

630 

— 

830 

poly 

Boron 

400 

800 

680 

poly 

Arsenic 

630 

— 

760 

poly 

Arsenic 

400 

800 

580 

because  of  less  nitridation  of  the  uncapped  titanium  than 
expected. 

To  further  investigate  the  influence  of  doping  and  Si  crys¬ 
tallinity  on  the  silicide  formation,  a  test  was  performed 
where  the  as-deposited  amorphous  silicon  was  not  subjected 
to  the  activation  anneal  even  after  dopant  implantation, 
thereby  avoiding  Si  crystallisation.  Silicide  was  formed  on 
As  doped  and  undoped  wafers  by  reacting  a  400  A  thick  Ti 
layer,  capped  with  500  A  of  TiN,  at  650  °C  for  60  s  in  Nj.  On 
the  undoped  amorphous  silicon  a  870  A  thick  silicide  was 
formed.  The  silicide  layer  was  partially  transformed  to  the 
C54  phase  already  at  650  °C.  On  the  As  doped  amorphous 
Si,  however,  the  silicide  was  only  340  A  thick  but  the  C49 
phase  alone  could  be  detected.  An  amorphous  Si  layer  has  a 
high  enthalpy  which  could  enhance  silicide  formation  [11]. 
The  presence  of  As  effectively  slows  the  formation  because 
the  As  atoms  segregate  the  grain  boundaries  of  the  C49 
TiSi2,  thereby  reducing  Si  transport  along  these  high- 
diffusion  paths  [4,  5]. 

The  surface  roughness  and  the  silicide  grain  size  are 
strongly  dependent  on  the  silicide  thickness,  as  depicted  in 
Figs  2  and  3,  respectively.  To  describe  different  wafers  the 
following  convention  is  used.  “a-Si”  and  “poly”  represent 
the  Si  substrate  layers.  “ — ”,  “B”  and  “As”  indicate  the  Si 
doping;  undoped,  B  doped  and  As  doped  respectively.  “Ti” 
and  “Ti/TiN”  represent  the  uncapped  and  capped  wafers. 
The  surface  roughness  is  also  affected  by  the  type  of  Si 


Fig.  I.  Impact  of  dopants  (As  and  B)  on  the  thickness  (measured  with  RBS) 
of  the  TiSij  formed  on  a-Si  and  poly-Si  substrates,  with  and  without  the 
TiN  cap  layer.  The  experimental  conditions  for  preparation  of  the  wafers 
are  given  in  Table  I. 


doping  (e.g.  wafer  {a-Si,  B,  Ti}  vs.  wafer  (a-Si,  As,  Ti)  and 
wafer  (a-Si,  B,  Ti/TiN}  vs.  wafer  (a-Si,  As,  Ti/TiN}  in  Fig. 
2).  In  general.  As  doped  Si  gives  a  rougher  silicide  surface 
than  B  doped  Si.  The  difference  in  silicide  surface  roughness 
between  the  a-Si  and  the  poly-Si  wafers  was  negligibly  small 
(e.g.  {a-Si,  B,  Ti/TiN}  vs.  {poly,  B,  Ti/TiN}  and  {a-Si,  As, 
Ti}  vs  {poly.  As,  Ti}),  although  it  was  observed  that  after 
dopant  activation  and  before  Ti  deposition,  the  As  doped 
a-Si  had  a  smoother  surface  than  the  As  doped  poly-Si.  The 
RMS  surface  roughness  for  the  As  doped  a-Si  was  130  A 
while  it  was  230  A  for  the  As  doped  poly-Si.  Furthermore, 
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Fig.  2.  Dependence  of  the  RMS  roughness  values  (determined  by  AFM)  on 
the  thickness  of  the  silicide  formed  at  700  °C. 
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Fig.  3.  Dependence  of  the  silicide  grain  size  (estimated  by  XRD)  on  the 
thickness  of  the  silicide  formed  at  700  °C. 
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after  the  activation  the  preferential  orientation  of  the  silicon 
layers  was  (200)  for  all  wafers  with  poly-Si  and  (111)  for  all 
wafers  with  crystallized  (x-Si.  The  big  difference  in  surface 
roughness  between  wafer  {a-Si,  B,  Ti}  and  wafer  {poly,  B, 
Ti}  is  attributed  to  the  formation  of  C54  phase,  which  will 
be  discussed  later. 

Since  the  silicide  formed  on  the  wafers  capped  with  the 
TiN  was  thinner  than  that  on  the  wafers  without  the  cap,  it 
is  difficult  to  observe  the  influence  of  the  TiN  cap  on  the 
silicide  surface  roughness.  The  impact  of  the  TiN  cap  is 
probably  a  minor  effect  compared  to  the  predominant  influ¬ 
ence  of  the  silicide  thickness. 

3.2.  C49  to  C54  phase  transformation  at  700  °C 

The  XRD  spectra  in  Fig.  4  show  that  the  transformation 
from  the  C49  to  C54  phase  has  taken  place  at  700  °C  for  the 
silicide  formed  on  the  undoped  wafers  except  that  with  the 
a-Si  and  the  TiN  cap.  On  the  doped  wafers,  a  small  amount 
of  C54  phase  was  detected  only  on  the  B  doped  poly-Si 
wafer  without  the  TiN  cap.  No  C54  phase  was  detected  for 
the  equally  thick  silicide  formed  on  B  doped  a-Si  without 
the  TiN  cap.  It  is  observed  in  Fig.  3  that  the  grain  size  of 
C49  and  C54  is  comparable  for  the  undoped  wafers  (a-Si, — , 
Ti},  {poly,  — ,  Ti}  and  {poly,  — ,  Ti/TiN}.  However,  for 
wafer  {poly,  B,  Ti},  the  grain  size  of  the  small  amount  of  C54 
phase  is  much  larger  even  though  the  silicide  is  much 
thinner  than  that  on  wafers  {a-Si,  — ,  Ti}  and  {poly,  — ,  Ti}. 

The  presence  of  dopants  seems  to  have  not  only  retarded 
the  formation  of  the  C49  phase  but  also  hindered  the  nucle- 
ation  of  the  C54  phase.  The  latter  implies  a  much  lower 
density  of  nucleation  sites  for  the  C54.  However,  once  a 
nucleus  of  the  C54  phase  forms  and  begins  to  grow,  it  will 
grow  into  a  big  grain  before  it  encounters  any  competing 
grains.  This  leads  to  a  rougher  surface  (wafer  {poly,  B,  Ti}) 
as  compared  to  the  case  without  the  transformation  (wafer 
{a-Si,  B,  Ti}),  as  observed  in  Fig.  2. 

3.3.  Surface  morphology 

AFM  pictures  of  the  silicide  surfaces  after  formation  at 
700  °C  showed  a  distinct  difference  in  surface  morphology 
between  wafers  with  a  small  amount  of  C54  and  wafers 
where  only  the  C49  phase  was  detected.  Figure  5(a)  shows 
the  surface,  measured  by  AFM,  for  wafer  {a-Si,  B,  Ti}  with 
about  800  A  of  silicide  after  the  first  RTA.  The  silicide  con¬ 
sisting  of  pure  C49  phase  according  to  the  XRD  spectra,  has 


d[A] 

Fig.  4.  X-ray  diffraction  patterns  for  the  undoped  wafers  and  for  a  doped 
wafer  on  which  a  small  amount  of  C54  phase  is  observed  (wafer  {poly,  B, 
Ti}).  No  C54  phase  was  detected  for  the  other  doped  wafers. 


Fig.  5.  AFM  pictures  showing  (a)  a  smooth  surface  of  wafer  (a-Si,  B,  Ti}; 
(b)  a  rougher  surface  of  wafer  (poly,  B,  Ti}  consisting  of  a  few  large  hills; 
and  (c)  a  very  rough  surface  of  wafer  (a-Si,  — ,  Ti}  mainly  consisting  of 
large  hills. 


a  relatively  smooth  surface.  Figure  5(b)  shows  the  surface  of 
the  equally  thick  silicide  on  wafer  {poly,  B,  Ti}.  Now  the 
silicide  has  been  partially  transformed  to  C54  according  to 
the  XRD  results  (Fig.  4).  This  surface  is  considerably 
rougher  with  some  large  hills  surrounded  by  smaller  hills. 
The  large  hills  are  most  probably  composed  of  the  C54 
phase.  Figure  5(c)  shows  the  surface  of  wafer  {a-Si,  — ,  Ti}. 
More  C54  phase  has  been  formed  for  this  wafer,  according 
to  XRD  (Fig.  4).  The  surface  is  very  rough  with  mainly  large 
hills,  consisting  presumably  of  the  C54  phase. 

The  resistivity  of  the  C49  silicide  phase  was  65-95  p£2  cm 
after  the  first  anneal  at  700  °C.  After  the  second  anneal  at 
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850  °C,  the  resistivity  of  the  C54  phase  was  only  15- 
25  pQ  cm,  indicating  that  the  silicide  layers  were  still  contin¬ 
uous  after  transformation  to  the  C54  phase.  AFM  data 
showed  that  the  surface  roughness  was  almost  intact  after 
the  second  anneal  at  850  °C,  which  is  in  agreement  with  our 
earlier  work  where  900  °C  was  used  for  the  second  anneal 
[12]. 

For  device  applications,  a  rough  surface  with  large  crys¬ 
tallite  grains  is  not  desired,  particularly  for  deep  sub¬ 
micrometer  metallisations,  where  the  line  width  0.2  pm)  is 
comparable  with  the  grain  size  (wO.  1-0.3  pm).  Therefore, 
the  annealing  temperature  used  for  the  first  step  RTA 
should  be  kept  below  a  certain  threshold  in  order  to  avoid 
the  formation  of  the  C54  phase.  The  upper  temperature 
limit  could  be  set  at  700  °C,  according  to  the  present  study. 
The  first  annealing  temperature  is  also  limited  by  the  silicide 
formation  on  SiOj  which  leads  to  bridging  between  the  gate 
and  source/drain  areas  of  a  MOSFET  [9].  However,  in 
order  for  the  transformation  to  take  place  easily,  a  relatively 
thick  TiSi2  layer  of  the  C49  phase  is  desired  [6].  This  sets 
the  lower  temperature  limit  for  the  formation.  For  example, 
forming  the  silicide  at  650 °C  for  60s  resulted  in  approx¬ 
imately  30%  less  silicide  than  when  using  700  °C  for  30  s 
[13]. 

The  transformation  anneal  during  the  second  step  RTA 
should  be  performed  at  a  relatively  high  temperature  in 
order  to  create  a  high  density  of  nucleation  sites,  thereby 
preventing  the  silicide  grains  from  growing  large.  Our 
earlier  work  showed  that  a  transformation  anneal  at  900  °C 
did  not  increase  the  roughness  of  the  silicide  surface  [12]. 
However,  the  temperature  for  the  second  step  RTA  is 
limited  by  the  thermal  stability  of  TiSi2  on  poly-Si.  Agglom¬ 
eration  of  the  silicide  layer,  which  is  also  thickness  depen¬ 
dent  [14],  should  be  avoided.  The  upper  temperature  limit 
for  agglomeration  of  TiSi2  on  poly-Si  has  experimentally 
been  shown  to  be  around  850°C-900°C  [15,  16].  The 
thermal  stability  of  TiSi2  on  poly-Si  is  somewhat  enhanced 
when  the  poly-Si  is  doped  [12,  17].  Thus,  the  temperature 
windows  for  the  formation  and  transformation  are  very 
narrow.  Lasky  et  al.  have  shown  [7]  that  the  temperature 
limit  for  agglomeration  of  TiSi2  on  narrow  lines  is  950  °C- 
1000  °C.  On  the  other  hand  the  formation  of  TiSi2  on  sub¬ 
micron  wide  poly-Si  lines  would  also  demand  a  higher 
temperature  [7,8]  than  what  have  been  used  in  this  study, 
both  for  the  formation  and  for  the  transformation,  thereby 
shrinking  the  temperature  window  even  further. 

4.  Conclusions 

The  surface  morphology  of  the  TiSi2  formed  on  p-type, 
n-type  and  undoped  poly-Si  and  crystallized  a-Si  has  been 


studied.  After  silicide  formation  at  700  °C,  the  surface  rough¬ 
ness  has  been  found  to  be  strongly  dependent  on  the  thick¬ 
ness  and  the  phase  of  the  silicide  formed.  The  influence  of 
the  silicon  crystallinity  on  the  silicide  surface  roughness  was 
negligible.  The  dopants  in  the  Si  not  only  retard  the  forma¬ 
tion  of  the  C49  phase,  but  also  hinder  the  transformation  of 
the  C49  to  the  C54  phase.  In  order  to  avoid  the  nucleation 
of  the  C54  phase  during  the  first  step  RTA,  the  formation 
temperature  should  be  kept  low  (probably  below  700  °C  for 
B  doped  silicon).  However,  a  low  formation  temperature 
results  in  thin  silicide  layers,  which  in  turn  retards  the  trans¬ 
formation  during  the  second  step  RTA.  The  required  trans¬ 
formation  temperature  might  then  be  well  above  900  °C, 
whieh  can  lead  to  silicide  agglomeration.  The  temperature 
windows  for  the  formation  and  transformation  have  become 
very  narrow,  and  tend  to  become  infinitely  so  when  forming 
the  silicide  on  sub-micron  poly-Si  lines. 
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Abstract 

GTO  thyristors  with  a  2cm^  active  area  and  small  rectangular  40  *  40  nm 
emitters  were  fabricated  using  a  specially  developed  self-aligned  process 
based  entirely  on  reactive  ion  etching,  RIE,  technology.  Each  device  con¬ 
sists  of  176  1  mm^  segments  containing  100  individual  emitters.  The  devices 
were  electrically  evaluated  and  compared  to  standard,  wet  etched  mesa, 
GTO  devices  of  comparable  size  having  3000  *  200  pm  large  emitters. 
Simulations  were  carried  out  to  analyse  specific  features  of  the  new  devices. 
In  particular  the  influence  of  the  surface  quality  on  the  gate  trigger  current 
and  on-state  voltage  was  investigated.  It  was  demonstrated  that  it  is  pos¬ 
sible  to  reduce  significantly  the  GTO  unit  cell  dimensions  without  sacrifi¬ 
cing  the  yield.  23%  of  the  cm^  devices  out  of  a  lot  containing  50  devices 
could  be  accepted  without  repair  while  the  overall  segment  yield  was  97%. 
The  dynamic  performance  of  the  devices  under  both  snubbered  and  snub¬ 
berless  conditions  compares  well  to  that  of  the  reference  devices. 

1.  Introduction 

There  is  a  trend  towards  smaller  emitter  dimensions  in 
GTO  thyristor  design  [1-3].  This  decrease  in  unit  cell 
dimensions  opens  new  possibilities  to  improve  the  usual 
trade  off  between  the  dynamic  and  static  properties,  namely 
that  between  maximum  turn-off  current  and  gate  trigger 
current.  The  GTO  thyristors  are  normally  designed  with  a 
recessed  gate  which  allows  devices  to  be  placed  in  pressure 
contact  type  encapsulation.  The  recessed  gate  is  normally 
processed  by  wet  etching,  producing  mesas  of  emitters  sur¬ 
rounded  by  the  gate.  The  size  of  the  active  area  of  a  typical 
3000  A  device  is  20-30  cm^.  The  processing  of  such  devices 
with  significantly  reduced  dimensions  would  lead  to  serious 
problems  in  photolithographic  patterning.  In  order  to  be 
able  to  fabricate  line  pattern  GTO  devices  with  the  area  and 
yield  comparable  to  those  of  standard  GTO  devices,  it  is 
crucial  to  use  a  self-aligned  process.  We  have  been  evalu¬ 
ating  the  concept  of  fine  pattern  GTO  realised  in  alternative 
ways.  We  call  our  concept  the  Compact  GTO  (CGTO)  since 
we  put  several  individual  emitters  together  in  a  segment 
under  common  cathode  metal.  The  first  realisation  of  the 
CGTO  was  based  on  combined  wet  etched  mesa  and  planar 
technologies  [4].  This  paper  reports  on  a  CGTO  utilising  a 
self-aligned  process  and  RIE  technology.  Results  from  first 
working  devices  are  reported  here.  Most  importantly,  the 
critical  processing  steps  associated  with  the  technology  are 
identified  and  their  impact  on  the  electrical  characteristics  is 
analysed  using  2D  simulations. 

2.  Fabrication  of  devices 

Several  batches  of  2cm^  test  devices  were  processed  using 
390pm  120 Dcm  and  550pm  200Qcm  <111>  silicon.  Boron 
implantation  was  used  for  the  p-base  and  Accuspin  spin-on 


doping  is  used  to  form  the  p'*'  anode  emitter.  The  n"*^ 
cathode  emitter  was  produced  by  a  POCI3  process.  The 
anode  shorts  were  created  by  simply  masking  the  Accuspin 
doping  (390  pm  devices)  or  by  additional  POCI3  doping  of 
shorts  (550  pm  devices).  The  anode  shorts  pattern  was  rec¬ 
tangular  with  an  even  distribution  over  the  area,  and  the 
shorted  area  was  50%  of  the  active  device  area.  The  devices 
were  designed  for  a  blocking  voltage  of  the  order  of  2kV 
using  a  3.5°  negative  bevel  angle  for  junction  termination. 
Most  of  the  runs  were  used  for  the  development  and  verifi¬ 
cation  of  the  self-aligned,  process.  Three  of  the  runs  resulted 
in  working  devices  which  have  been  given  full  electrical 
evaluation.  The  layout  of  the  test  devices  is  shown  in  Fig.  1. 

2.1.  The  self-aligned  process 

A  self-aligned  process  utilising  standard  steps  from  VLSI 
technology  has  been  developed  [5].  The  self-aligned  pro¬ 
cessing  replaces  the  photolithography  in  the  most  critical 
patterning  steps.  These  are  gate  contact  definition,  emitter 


Fig.  1.  The  layout  of  the  CGTO  devices. 
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Fig.  2.  The  main  steps  of  the  process  sequence. 


junction  passivation  and  gate  metallisation  and  isolation. 
The  process  sequence  is  summarised  in  Fig.  2.  Following  the 
p-base  implantation  and  drive-in,  Accuspin  and  POCI3 
doping  of  the  anode  and  cathode  emitters,  respectively,  are 
carried  out.  In  the  case  of  the  550  pm  thick  devices,  the 
anode  shorted  areas  are  doped  in  the  same  POCI3  process 
in  which  cathode  emitters  are  formed.  A  10  pm  deep  RIE 
mesa  etch  of  the  silicon  is  performed  next  to  create  the 
cathode  emitters.  This  is  followed  by  a  thermal  oxidation. 


Table  I 


Device 

/qt  (mA) 

Kb  =  24  V, 

RL  =  0.2n 

Tj  =  30  ”C 

Kt(V) 

Jtq  =  110  A/cm^ 

Tj  =  125  X 

KB(kV) 

10  mA 

1]  =  125°C 

CGTO  (390  urn) 

400 

1.95-2.35 

1.7 

CGTO  (550  urn) 

260 

2.85 

2.0 

Ref.  GTO  (390  urn) 

250 

2.15 

2.0 

Table  II 

Max.  turn-off 

p-Base  resistivity 

current  density. 

Device 

(fi/sq) 

7TQm«.(A/cm^) 

CGTO  (390  pm) 

100 

200 

CGTO  (550  pm) 

190 

- 

Ref  GTO  (390  pm) 

100 

190 

ON-STATE  VOLTAGE,  VT,  V 


Fig.  3.  Turn-off  losses  per  puls  versus  on-state  voltage  for  the  CGTO  and 
references  devices.  Silicon  thickness  is  390  pm.  The  reference  devices  are 
electron  irradiated.  The  CGTO  devices  are  as-processed  and  after  proton 
irradiation. 


The  first  self-aligned  processed  step  uses  the  fact  that 
thermal  oxide  is  thicker  on  the  n-doped  mesas  compared  to 
the  recessed  and  lower  doped  gate  area.  A  subsequent  RIE 
etch  back  uncovers  the  gate  area.  An  extra  p"^  doping  in  the 
gate  is  now  done  in  a  self-aligned  fashion.  The  oxide  spacers 
on  the  sides  of  the  mesas  and  the  oxide  on  top  of  them  are 
used  as  a  mask  during  the  p^  Boron  implantation  and  as 
the  passivation  of  the  cathode  junction.  The  self-aligned 
pattering  of  the  gate  metal  uses  the  fact  that  photoresist  is 
thicker  in  the  recessed  area  compared  to  the  mesas.  A 
partial  etch-back  of  the  photoresist  uncovers  the  emitters. 
After  subsequent  aluminium  etch  only  the  metal  over  the 
gate  area  remains.  This  technique  is  then  repeated  with 
polyimide  instead  of  the  photoresist  to  form  the  isolation  on 
top  of  the  gate  metal.  Finally,  the  cathode  metal  is  formed 
and  patterned  in  order  to  create  the  segmented  layout  facili¬ 
tating  the  repair.  The  final  steps  are  laser  cutting,  junction 
termination  and  edge  passivation. 


3.  Electrical  evaluation 

The  devices  were  subjected  to  thorough  electrical  evaluation 
both  statically  and  dynamically.  Typical  values  of  the  main 
electrical  parameters  are  shown  in  Table  I  and  compared  to 
those  of  the  reference  devices  at  a  similar  value  of  V^.  The 
CGTO  devices  are  as-processed  while  the  reference  devices 
are  electron  irradiated  with  a  dose  of  about  1.7  •  10^^  cm”^. 
The  reference  devices  are  factory  made  standard  devices, 
with  the  same  silicon  thickness  and  resistivity  as  the  CGTO 
devices.  The  measurement  conditions  were  as  follows: 
forward  blocking  voltage  was  measured  at  10  mA  leakage 
current,  the  on-state  voltage  was  measured  at  125  °C,  the 
gate  trigger  current  was  measured  at  Ij,  =  24  V  and  Rl  = 
0.2  Q  in  the  temperature  range  25  to  125  °C.  The  turn-off 
losses  were  measured  at  125  °C  and  with  ^DM  —  fo  — 
1200  V,  Itq  =  200,  300  and  400  A,  =  1  pF  and  d/Ro/dt  = 
— 14  A/ps.  The  snubbered  SOA  was  determined  by  measur¬ 
ing  the  maximum  turn-off  current,  /^qm  ,  with  =  Vo  = 
1600  V,  C,  =  0.375  pF  and  dWdt  =  -14A/ps  at  125  °C. 
Snubberless  SOA  was  determined  by  measuring  the 
maximum  anode  sustain  voltage,  V^ji, ,  under  inductive  load 
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clamped  anode  voltage  conditions  with  7jQ  =  100A/cm^ 
and  d/Ro/dt  =  —  500A/|xs  at  125  °C.  The  results  of  the  snub- 
bered  SO  A  determination  are  shown  in  Table  II.  During 
snubberless  measurements  both  the  CGTO  and  reference 
devices  reached  the  limit  of  their  static  breakdown  voltage 
without  destruction  [6].  In  Fig.  3  the  turn-off  losses  per 
pulse  are  shown  for  the  CGTO  and  reference  devices  at  a 
current  density  of  llOA/cm^.  The  reference  data  are  after 
three  consecutive  electron  irradiation.  The  active  areas  of 
the  CGTO  and  reference  devices  are  1.8  and  2.3  cm^,  respec¬ 
tively. 

4.  Simulations 

The  simulation  effort  was  focused  on  the  analysis  of  the 
static  parameters  Iqj  and  Vj.  The  simulations  were  done 
using  MEDICI  (TMA).  In  the  first  place,  it  is  well  known 
from  experience  that  both  gate  trigger  current  and  on-state 
voltage  are  easily  increased  by  the  reduction  of  emitter 
dimensions.  The  reasons  for  this  are  both  the  reduction  of 
the  total  emitter  area  and  the  increase  in  the  total  length  of 
the  emitter-gate  boundary.  The  total  cathode  emitter  area  is 
only  about  15%  of  the  CGTO  device  area.  The  correspond¬ 
ing  number  for  the  reference  devices  is  about  50%.  The  total 
length  of  the  emitter  junction  periphery  is  about  two  times 
larger  in  the  CGTO  devices  compared  to  the  reference 
devices.  Secondly,  considering  the  sensitivity  of  these  two 
parameters  to  the  surface  passivation,  care  should  be  taken 
to  ensure  the  quality  of  the  surface  after  RIE  processing. 

The  first  devices  processed  successfully  displayed  some 
peculiarities  with  respect  to  the  Iqt  and  Ff.  First  of  all, 
devices  showed  a  distinct  turn-on  only  above  ~27°C.  Sec¬ 
ondly  the  on-state  voltage  measured  at  80A/cm^  and  220  A/ 
cm^  is  higher  than  simulated  values  assuming  an  ideal 
surface  (s  =  0). 

In  Fig.  4  the  simulated  /(F)  characteristics  are  shown 
together  with  measured  on-state  voltage  values  at  anode 
currents  of  150  A  and  400  A,  respectively,  for  390  pm  and 
550  pm  thick  CGTO  devices.  The  simulated  /(F)  curves  are 
adjusted  by  the  choice  of  the  surface  recombination  velocity, 
s.  The  best  fit  is  found  for  s  =  1500  cm/s.  In  the  case  of  the 
390  pm  devices  two  kinds  of  /(F)  curves  were  observed. 
Devices  displaying  higher  on-state  voltage  values  (A)  have 
been  identified  as  having  an  expected  final  emitter  depth  of 
2.5  pm.  The  lower  on-state  voltage  value  displayed  by  some 
of  the  devices  (B)  can  be  explained  by  assuming  a  0.5  pm 
larger  emitter  depth,  as  demonstrated  in  Fig.  4.  This  can 
reasonably  be  related  to  the  variations  in  the  POCI3  t 
process.  The  high-level  injection  carrier  lifetime  is  20  ps  and 
40  ps  for  390  pm  and  550  pm  thick  devices  respectively,  and 
was  measured  by  the  contactless  optical  double  laser  pump- 
probe  method  [7,  8].  The  doping  profiles  were  obtained 
from  SUPREM  —  3  (TMA)  process  simulations  checked 
against  the  resistivity,  thickness  and  profile  data  obtained 
from  the  process  monitors.  In  Fig.  5  simulated  /qt  versus 
junction  temperature  data  are  shown  for  550  pm  thick 
devices  (C)  and  compared  to  the  measured  results.  The 
models  used  in  the  simulations  include  bandgap  narrowing, 
surface  recombination  velocity,  and  temperature  and  doping 
dependent  lifetime.  The  temperature  dependence  of  the  life¬ 
time  is  modeled  according  to  t  =  To(T/300)"  where  n  is  set  to 
1.65  for  holes  and  1.77  for  electrons  [9].  The  doping  depen- 


Fig.  4.  Simulated  (solid  lines)  and  measured  (data  points)  values  of  on-state 
voltage  for  the  390  pm  (type  A  and  B)  and  550  pm  (type  C)  thick  CGTO 
devices.  The  simulated  I(V)  curves  are  for  surface  recombination  velocity 
s  =  1500 cm/s. 


dence  of  the  lifetime  is  modeled  by  setting 
NSRHN  =  9  •  10^’cm”^  for  electron  lifetime,  t„,  and 
NSRHP  =  3  •  10*’  cm“^  for  hole  lifetime,  Zp  [9, 10]. 

5.  Discussion 

To  check  the  agreement  between  simulated  and  measured 
values,  we  adopted  the  following  procedure.  First  of  all,  the 


Fig.  5.  Simulated  (lines)  and  measured  (data  points)  values  of  gate  trigger 
current  versus  temperature  for  type  C  CGTO  devices.  The  simulated  curves 
are  shown  for  two  values  of  surface  recombination  velocity  s  =  1500  cm/s 
(the  solid  line),  and  s  =  0  (the  dashed  line).  The  simulated  values  shown 
only  in  the  temperature  range  where  the  tum-on  is  distinct  and  well 
defined. 
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emitter  depth  and  doping  level  were  determined  using  pro¬ 
filing,  junction  delineation  techniques,  resistivity  data  and 
process  simulation.  Secondly,  the  value  of  s  was  adjusted  for 
the  best  agreement  between  simulated  and  measured  on- 
state  voltage  values.  Finally,  the  Iqj  versus  junction  tem¬ 
perature  values  were  simulated  with  the  s  value  determined 
from  the  simulations. 

The  CGTO  devices  show  high  on-state  and  gate  trigger 
current  values  even  for  high  values  of  carrier  lifetime  in  as- 
processed  devices  (r  =  20  ps  and  t  =  40  ps  for  390  pm  and 
550  pm  thick  devices,  respectively).  See  also  Table  I  and  Fig. 
3.  Simulations  confirm  the  increase  in  the  on-state  voltage 
with  reduced  GTO  unit  cell  dimensions.  This  increase  in 
forward  voltage  drop  has  normally  to  be  compensated  by 
increased  carrier  lifetime.  The  penalty  is  however  increased 
turn-off  losses  as  can  seen  in  Fig.  3.  Securing  a  reasonable 
low  level  of  on-state  voltage  and  turn-off  losses  is  of  great 
importance  for  the  realisation  of  fine  pattern  devices  in 
general.  The  CGTO  devices  could  only  reach  the  trade-off 
between  on-state  voltage  and  turn-off  losses  comparable  to 
reference  devices  when  proton  irradiation  was  used  [11]. 

The  measured  on-state  voltage  values  are  higher  than  the 
ones  calculated  assuming  an  ideal  surface  (s  =  0).  We  identi¬ 
fied  the  critical  processing  steps  responsible  for  this  discrep¬ 
ancy  using  process  and  device  simulation  and  comparing 
the  results  with  experimental  process  monitoring  and  device 
evaluation  data.  The  original  CGTO  process  (390  pm  thick 
devices)  uses  relatively  shallow,  3  +  0.5  pm  deep,  emitters 
(emitter  depth  after  POCI3  process).  The  wet  oxidation 
results  in  ~  1.7  pm  thick  oxide,  which  is  necessary  to 
provide  a  mask  during  the  RIE  mesa  etch.  This  leads, 
however,  to  a  reduction  of  the  emitter  thickness.  Following 
the  RIE  mesa  etch,  a  30  second  95 : 5,  HNO3 :  HF,  wet 
silicon  etch  is  carried  out  to  remove  the  surface  damage 
prior  to  dry  thermal  oxidation.  Single  oxidation  (dry  0.6  pm 
thick  oxide)  is  carried  out,  in  the  case  of  the  390  pm  thick 
devices,  providing  the  passivation  over  the  cathode  junction. 
Two  separate  thermal  oxidations,  the  spacer  oxidation  (dry 
0.6  pm  thick  oxide)  and  passivation  oxidation  (dry  0.6  pm 
thick  oxide),  are  carried  out  in  the  case  of  the  550  pm  thick 
devices.  The  emitter  depth  is  further  reduced  by  these  oxida¬ 
tions.  In  simulations  the  reduced  emitter  depth  and  nonideal 
surface  are  clearly  seen  to  increase  the  Fp  and  /qp  values.  In 
the  550  pm  thick  devices  the  POCI3  process  was  modified 
to  give  a  deeper  cathode  emitter.  The  emitter  depth  in  this 
case  is  4.5  +  0.5  pm  after  the  POCI3  process.  However  due 
to  the  emitter  thickness  reduction  by  oxidation,  the  final 
emitter  junction  depth  was  about  2.5  pm  in  the  case  of  both 
the  390  and  550  pm  thick  devices. 

An  interesting  feature  in  the  temperature  dependence  of 
the  Iqj  is  that  the  CGTO  devices  do  not  trigger  below  a 
junction  temperature  of  approximately  27  °C.  They  display 
a  sluggish  transistor  like  behaviour  and  do  not  display  a 
distinct  latch-up  at  gate  current  levels  up  to  2  A,  which  is 
the  limit  of  our  equipment.  Simulations  show  that  the 
threshold  temperature  at  which  the  turn-on  behaviour 
becomes  sluggish  is  influenced  by  the  value  of  s.  This  thresh¬ 
old  temperature  obtained  from  simulations  was  ~  5  °C  and 


~27°C  for  s  =  0  and  s  =  1500  cm/s  respectively,  as  shown 
in  Fig.  5.  To  reproduce  the  temperature  dependence  of  the 
Iqj  it  is  essential  to  correctly  model  other  factors  like  tem¬ 
perature  dependence  of  the  lifetime  and  bandgap  narrowing. 
Considering  the  complexity  of  the  problem,  however,  the 
Iqj  level,  the  temperature  dependence  and  the  threshold 
temperature  are  all  reproduced  reasonably  well  (see  Fig.  5) 
using  the  value  of  s  =  1500  cm/s  and  MEDICI  standard 
models  for  other  physical  quantities  if  not  stated  otherwise. 

6.  Conclusions 

The  first  fine-pattern  CGTO  devices  fabricated  with  a  newly 
developed  self-aligned  process  have  been  shown  to  have  a 
dynamic  performance  equal  to  or  better  than  the  standard 
devices.  The  on-state  voltage  and  gate  trigger  current  of  the 
CGTO  devices  are  however  poorer  than  the  standard  GTO 
devices.  The  reasons  for  that,  in  addition  to  those  related  to 
the  unit  cell  dimensions,  have  been  identified  to  be  a  shallow 
final  cathode  emitter  depth  and  low  quality  of  the  silicon 
interface  after  passivation.  The  present  process  sequence 
should  be  modified  at  two  points.  Firstly,  the  original  depth 
of  the  cathode  emitter  should  be  at  least  7  pm  preceding  the 
oxidation  and  mesa  etch.  Secondly,  the  surface  treatment 
following  the  RIE  and  preceding  the  thermal  oxidation 
should  be  improved  in  order  to  produce  an  interface  with  a 
low  concentration  of  surface  states.  The  importance  of  the 
silicon-silicon  dioxide  interface  quality  to  the  on-state 
voltage  and  gate  trigger  current  of  the  GTO  devices  have 
been  demonstrated  here  for  the  first  time.  Finally,  a  good 
agreement  has  been  achieved  between  simulated  and  mea¬ 
sured  Vj  and  Iqj  values  using  the  surface  recombination 
velocity  s  =  1500  cm/s. 
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Abstract 

An  HBT-based  IC  prototyping  technology  is  being  developed  at  The  Royal 
Institute  of  Technology’s  Semiconductor  Laboratory,  aiming  for  transistor 
cut-off  frequencies  in  the  region  of  70  GHz.  Both  AlGaAs/GaAs-  and  InP/ 
InGaAs-HBTs  have  been  fabricated  showing  cut-off-  and  maximum  oscil¬ 
lation  frequencies  well  above  60  GHz.  The  overall  circuit  technology  is 
based  on  two  level  metallization  separated  by  silicon-nitride  for  intercon¬ 
nects  and  MIM  capacitors,  and  NiCr-based  resistors. 

A  4 : 1  time  division  multiplexer  was  targeted  to  explore  the  feasibility  of 
the  in-house  technology  for  MSI  circuit  implementations,  especially  for 
broadband  switching  applications. 


1.  Introduction 


If  the  material  within  which  the  emitter  of  a  bipolar  junction 
(BIT)  is  defined  has  a  larger  bandgap  than  the  material  for 
the  base  in  the  same  transistor,  the  emitter-base  junction  is 
said  to  be  a  heterojunction  and  the  device  is  named  Hetero¬ 
junction  Bipolar  Transistor  (HBT).  The  HBT  still  have  the 
advantages  of  a  silicon  bipolar  transistor,  but  extend  them 
to  higher  frequencies  [1,  2]. 

Due  to  the  different  bandgaps  at  the  emitter-base  hetero¬ 
junction  an  energy  barrier  is  created  at  the  interface.  A 
spike,  which  appears  in  the  conduction  band,  tends  to 
retard  the  flow  of  electrons  from  emitter  to  base.  At  the  first 
glance,  this  seems  to  be  a  disadvantage,  as  the  emitter  injec¬ 
tion  efficiency  is  reduced.  But  it  provides  benefits  for  high¬ 
speed  operation,  because  electrons  that  surmount  the  energy 
barrier  are  injected  into  the  base  with  high  forward  velo¬ 
cities,  decreasing  the  base  transit  time.  Furthermore,  due  to 
the  step  in  the  valence  band,  the  flow  of  holes  from  base  into 
the  emitter  region  is  suppressed,  increasing  the  current  gain 
in  turn. 

It  is  then  possible  to  ensure  sufficient  current  gain  with 
high  levels  of  base  doping  ,  even  higher  than  the  emitter 
doping  level  as  can  be  seen  from  eq.  (1),  where  D„b 
denotes  the  diffusion  constant  of  electrons  in  the  base,  W^, 
the  base  width,  the  diffusion  constant  and  the  diffu¬ 
sion  length  of  holes  in  the  emitter  and  /?bjt  the  current  gain 
of  a  standard  homojunction  bipolar  transistor.  This  high 
base  doping  concentration  level  offered  by  the  HBT  leads  to 
low  base  sheet  resistance  and  emitter  junction  capacitance 
and  high  transistor  and  [eq.  (2)  and  eq.  (3)]. 


Phwi  — 


■^nb  -^pe  -^de 


•  exp 
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(SI)  substrate  materials  makes  the  parasitics  very  low  and 
improves  the  high  frequency  aspects. 

2.  Comparison  of  the  InP/InGaAs  and  the  AlGaAs/GaAs 
system 

As  already  mentioned,  one  major  advantage  of  InGaAs  is 
the  high  electron  mobility,  which  can  be  1.6  times  higher 
than  for  GaAs  and  9  times  higher  than  for  Si.  In  addition, 
the  extent  of  transient  velocity  overshoot  is  greater  than  in 
GaAs,  resulting  in  lower  transit  times.  The  bandgap  of 
InGaAs  is  smaller  than  that  for  GaAs  or  Si,  which  is  directly 
related  to  the  Ke  -threshold  voltage.  Therefore,  supply 
voltage  and  power  dissipation  can  be  decreased,  which 
offers  larger  complexity  and  improves  the  power-delay 
product,  a  figure  of  merit  in  logic  circuit  design.  Thermal 
conductivity,  important  for  heat-sinking,  is  higher  for  InP 
substrates,  but  still  below  that  for  silicon. 

Aluminium  shows  a  high  affinity  to  oxygen,  which  espe¬ 
cially  at  a  heterojunction  interface  can  degrade  electrical 
properties  by  reducing  mobility  and  enhancing  carrier  trap¬ 
ping.  Due  to  the  A1  content  AlGaAs  suffers  from  high 
recombination  velocity  at  the  surface.  The  recombination 
velocity  is  smaller  in  InGaAs  by  a  factor  of  1000.  For  HBTs 
this  effect  becomes  important,  when  the  device  is  scaled 
down  to  small  dimensions  and  the  emitter  area-to-periph- 
erie  ratio  will  decrease.  As  a  result,  there  is  less  base  current 
in  a  InP/InGaAs-HBT  [1,  2]. 

InP-based  semiconductor  lasers  have  the  fastest  modula¬ 
tion  capabilities  and  the  optical  devices  are  operating  in  the 
1.3-1.55  |im  wavelength  range,  where  silica-based  fibers 
show  low  dispersion  and  low  losses.  Therefore  an  HBT 
technology  in  the  InP-system  would  be  an  excellent  base  for 
future  opto-electronic  ICs. 

A  major  disadvantage  of  the  InP-based  system,  influ¬ 
encing  both  fabrication  and  performance,  is  the  fact  that  it 
is  difficult  to  produce  high-resistivity  regions  by  implanta¬ 
tion  in  InP,  and  impossible  to  do  so  in  InGaAs.  Further¬ 
more,  it  is  necessary  to  grow  the  epitaxial  structure  with 
fixed  alloy  compositions  in  order  to  achieve  lattice  match¬ 
ing.  The  requirements  for  the  growth  process  are  increased 
and  grading  of  alloy  compositions,  widely  used  in  AlGaAs/ 
GaAs-HBTs,  is  not  possible. 

3.  Device  fabrication 


Further,  the  used  III-V  semiconductor  materials,  especially 
InGaAs,  have  high  electron  mobility,  which  improves  the 
high  frequency  characteristics.  Also  access  to  semi-insulating 


In  the  case  of  the  AlGaAs/GaAs-HBT  the  epitaxial  struc¬ 
ture  is  grown  by  molecular  beam  epitaxy  (MBE)  on  semi- 
insulating  GaAs  substrate.  A  linearly  graded  aluminium 
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InP 


GaAs 


resulting  in  a  large  extrinsic  capacitance.  In  spite  of  that 
unfavourable  ratio  of  intrinsic  to  extrinsic  parasitics,  the 
device  shows  a  high-frequency  behaviour  as  good  as  the 
AlGaAs/GaAs-HBT  and  it  is  apparent  that  there  is  con¬ 
siderable  interest  in  reducing  the  active  area.  Furthermore, 
as  a  result  of  the  mesa-structure  and  the  deep  vias  to  the 
collector  and  the  Sl-substrate,  the  surface  becomes  very 
non-planar  and  there  can  be  concerns  about  the  step  cover¬ 
age  of  metallizations  for  InP-based  ICs. 

A  cross  section  of  the  resulting  mesa-structure  for  both 
the  AlGaAs/GaAs-  and  the  InP/InGaAs-HBT  is  given  in 
Fig.  1,  showing  also  the  physical  background  for  extraction 
of  the  small-signal  equivalent  circuit,  presented  in  the  next 
paragraph. 

An  important  issue  of  the  fabrication  process  is  the  self- 
aligned  base  contact  to  decrease  parasitics.  Various  process 
flows  have  been  reported  with  somewhat  different  self¬ 
alignment  techniques,  but  comparable  high-frequency  per¬ 
formance  of  the  device  [3,  4]. 


H  metal  contact  Q  base  layer 

Q  E-contact  layer  []]  collector  layer 

[~1  emitter  layer  ^  C-contact  layer 

^  proton-implanted  area 

Fig.  1.  Device  cross  section  and  small-signal  equivalent  circuit  related  to 
the  device  structure. 

concentration  in  the  base  is  used  to  achieve  a  built-in  elec¬ 
tric  field  and  improve  electron  transport  through  the  base. 
Standard  optical  photolithography  and  lift-off  techniques 
are  used  in  the  fabrication  process.  The  emitter  contact  with 
an  area  of  2.5  x  10  pm^  also  acts  as  a  mask  while  etching 
down  to  the  base  layer,  defining  areas  for  base  contacts  and 
for  a  shallow  proton  implant  into  the  collector  layer,  which 
reduces  the  extrinsic  base-collector  capacitance.  To  mini¬ 
mize  the  undercut  of  the  emitter  mesa,  a  combination  of 
both  dry  and  wet  etching  is  used.  SijN^-side-walls  are 
employed  to  define  the  spacing  to  the  self-aligned  base 
contact.  A  base  to  emitter  distance  of  about  0.2  pm  is 
achievable.  Finally  the  collector  is  connected  through  a  non¬ 
self-aligned  via  down  to  the  highly  doped  subcollector. 
Si3N4  deposited  by  plasma  enhanced  chemical  vapor  depo¬ 
sition  (PECVD)  is  used  as  dielectric  and  evaporated  AuGe/ 
NI/Ti/Au  and  Au/Ni/Ti/Pt/Au  for  n-  and  p-type  contacts, 
respectively.  All  ohmic  contacts  are  alloyed  at  the  same  time 
at  360°C.  Device  isolation  is  achieved  by  deep  implantation 
of  protons.  Sputtered  TiW/Au  and  NiCr  are  used  for  two 
level  circuit  connections  and  resistances  (sheet  resistance 
50Q/square),  respectively.  The  temperature  during  the 
process  never  exceeds  360  °C  in  order  to  avoid  damage  of 
the  structure. 

By  modifying  some  of  the  processing  steps  the  InP/ 
InGaAs-HBT  can  be  fabricated  using  the  same  mask  set  as 
for  the  GaAs-based  device.  Here,  the  epitaxial  structure  is 
grown  on  an  Sl-InP  substrate.  The  possibility  of  producing 
semi-insulating  regions  using  proton  implantation  does  not 
exist  for  the  InP/InGaAs-HBT,  where  isolation  is  carried 
out  by  etching  the  epitaxial  structure  down  to  the  SI- 
substrate.  The  active  collector  area  can  not  be  diminished. 


4.  Results 

The  microwave  response  of  the  transistors  was  evaluated 
using  an  automatic  network  analyzer  for  frequencies  up  to 

□  IH21I^  +  Unilateral  Gain  --  -edB/octove 


(a) 

2 

□  |H21|  ♦  Unilateral  Gain  -  -  - -6dB/octave 


(b) 

Fig.  2.  High  frequency  gain  curves  for  an  AlGaAs/GaAs-  (a)  and  an  InP/ 
InGaAs-device  (b). 
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Cbcx 


E 


Fig.  3.  Small-signal  equivalent  circuit. 


18  GHz.  The  measured  S-parameters  were  then  used  to  cal¬ 
culate  the  cut-off  frequency  and  the  maximum-oscillation 
frequency  by  extrapolating  the  measured  data  by  —  6dB/ 
Oct.  The  high-frequency  gain  curves  are  shown  in  Fig.  2  for 
an  AlGaAs/GaAs-  and  an  InP/InGaAs-device. 

From  these  measurements  the  parameters  of  the  small- 
signal  equivalent  circuit,  shown  in  Fig.  3,  were  extracted 
with  eqs  (2)  and  (3)  as  basis  of  the  evaluation.  The  results 
are  presented  in  Table  I,  compared  with  a  fast  silicon  homo¬ 
junction  bipolar  device,  fabricated  at  the  same  laboratory. 

— =  Tg  Cbe  -f-  (rg  -I-  i?g  -b  Rc)Cbc  +  (2) 

2nJ-j 

f  =  /  (3) 

5.  Circuit  demonstrator 

Till  now  the  technology  described  above  was  used  to  fabri¬ 
cate  single  devices  or  SSI  circuits  up  to  100  devices  like 
NTL  ring  oscillators.  To  evaluate  the  technology  on  MSI 
circuit  design  level,  a  4 : 1  multiplexer  was  designed  with 


Table  I.  Small-signal  parameters 


Variable 

Si 

GaAs 

InP 

Unit 

'"e 

2.8 

1.6 

1.2 

n 

Re 

3.8 

5.7 

7.6 

Rb 

50 

33 

34 

a 

Rb. 

60 

10 

9.1 

n 

Rc 

29 

5 

11 

a 

^BE 

1060 

116 

148 

fF 

^BC 

16 

11 

14 

fF 

^BCx 

18 

18 

11 

fF 

T 

7.0 

2.1 

1.5 

ps 

A 

15 

63 

73 

GHz 

fm&x 

12 

65 

62 

GHz 

100 

18 
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respect  to  the  AlGaAs/GaAs-system  first.  The  aim  is  to  have 
the  possibility  of  prototyping  high-speed  and  opto¬ 
electronic  ICs. 

Time  division  multiplexers  operating  at  gigabit  per 
second  (Gbit/s)  output  rates  are  required  for  digital  optical 
communication  systems  in  order  to  exploit  the  high  trans¬ 
mission  capacity  of  single-mode  optical  fibers.  At  the 
transmitting-side  of  a  communication  system,  multiplexers 
are  combining  the  incoming  parallel  data  channels  to  one 
single  data  stream  with  high  bit  rate.  The  schematic  of  the 
4 : 1  multiplexer  is  shown  in  Fig.  4. 

Differential  operation,  the  use  of  both  inverted  and  non- 
inverted  signals,  was  applied  for  the  internal  as  well  as  for 
the  output  signals.  This  gives  the  possibility  to  reduce  the 
logic  voltage  swing,  resulting  in  faster  circuit  operation,  and 
minimizes  crosstalk  between  wires.  The  data  inputs  are 
single-ended  to  ensure  ECL  compatibility. 

For  multiplexing  a  two  stage  architecture  consisting  of 
three  2  : 1  MUXs  has  been  chosen.  Thereby,  only  one  MUX 
is  operating  at  the  maximum  bit  rate,  whereas  the  other 
MUX-stage  is  operating  at  half  this  rate.  Therefore,  the 
incoming  system  clock  has  to  be  divided  by  two  by  a  static 
frequency  divider,  which  also  generates  the  different  phases 
for  clocking  the  input  latches. 

To  switch  the  second  stage  MUX,  a  high-speed  signal  with 
the  same  frequency  as  the  system  clock  is  required.  This 
signal  is  generated  by  a  XOR-gate,  which  acts  as  frequency 
doubler  when  driven  by  two  equal  frequencies  exactly  90 
degrees  out  of  phase.  This  has  the  advantage  that  the  XOR- 
gate  places  the  edges  of  the  doubled  frequency  one  propaga¬ 
tion  delay  away  from  the  edges  of  the  original  frequencies. 
Hereby,  the  dynamic  delay  for  data  to  pass  through  the  first 
MUX  stage  is  compensated. 

The  input  data  is  latched  parallel  and  is  piped  through 
the  three  stage  input  flip-flops  by  one  fourth  the  maximum 
bitrate.  The  use  of  the  pipelined  input  increases  the 
maximum  bit  rate  considerably.  The  clock  phases  are  dis¬ 
tributed  to  the  D-type  Master-Slave  Flip-Flops  (DMSFFs) 
and  the  MUXs  in  such  a  way  that  no  input  of  a  flip-flop  is 
clocked  closer  than  two  bit  duration  time  after  the  output  of 
the  previous  stage,  as  well  as  there  is  the  same  time  margin 
between  the  last  DMSFF  stage  and  the  first  MUX  stage. 

The  same  gate  topology  is  used  to  create  the  XOR,  MUX 
and  latches,  in  order  to  preserve  device  matching  and  oper¬ 
ation  uniformity.  As  a  result,  the  delay  times  for  all  cells  are 
nearly  the  same  and  the  propagation  delay  of  the  basic  logic 


Fig.  4.  Block  diagram  of  the  4  : 1  multiplexer. 
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cell  is  the  only  parameter  restricting  the  maximum  theoreti¬ 
cal  bit  rate  [5,  6]. 

6.  Simulation  and  layout 

Simulations  were  done  for  all  single  device  building  blocks 
and  for  the  complete  multiplexer  including  wiring  parasitics 
at  operating  speed  sufficient  for  4  Gbit/s  data  rate.  For 
HSPICE-simulation  the  standard  Gummel-Poon  transistor 
model  was  applied  to  describe  the  HBTs.  The  Spice  model 
parameters,  shown  in  Table  II,  were  extracted  from  mea¬ 
surements  of  older  devices  with  lower .  These  devices  were 
fabricated  on  AlGaAs/GaAs  MOCVD-grown  epitaxial 
structures  [7], 

Fig.  5  shows  the  simulation  diagram  of  the  4:1  multi¬ 
plexer  with  clock,  input-channels  0  and  1  in  antiphase, 
channels  2  and  3  tied  to  fixed  logic  values,  and  the  differen¬ 
tial  output  signal  at  4  Gbit/s.  Nevertheless,  simulation 
results  have  to  be  interpreted  with  care.  The  used  Gummel- 
Poon  transistor  model  is  not  able  to  consider  certain  effects 
specific  for  the  HBT,  especially  when  operating  at  the  fre¬ 
quency  limit.  Furthermore,  the  HF-parasitics  have  not  been 
extracted  for  every  signal  path.  But  the  simulation  gives  a 
good  reliability  for  circuit  operation  and  will  be  the  base  for 
future  model  optimization. 

As  already  mentioned,  the  circuit  is  realized  for  feasibility 
studies  of  the  in-house  technology  with  respect  to  MSI 
circuit  implementations.  Therefore,  the  layout  was  opti¬ 
mized  for  high  yield,  and  for  verification  of  the  HF- 
parasitics  estimations  done  during  the  simulations.  Wiring 
parasitics  and  cross-coupling  caused  by  the  layout  structure 


Table  II.  Spice  model  parameters 


AlGaAs/GaAs-HBT 


IS  =  3E-24 

BF=  18 

NF=  1.1 

RE  =  25 

RC  =  40 

RB  =  30 

CJE  =  120F 

VJE  =  2.3 

MJE  =  0.4 

CJC  =  40F 

VJC  =  1.4 

MJC  =  0.5 

CIS  =  7F 

VJS  =  1000 

MJS  =  0.5 

FC  =  0.5 

NE  =  5 

TF  =  6P 

Fig.  5.  Simulation  of  the  4 ;  1  multiplexer  at  4  Gbit/s  output  rate. 


Input  0  Input  1 


Input  1  Input  3 


Fig.  6.  Layout  of  the  4  : 1  multiplexer. 


shown  in  Fig.  6  were  extracted  and  simulated  using  inhouse 
software  [8,  9].  The  wires  are  modeled  as  LRC-based  filters. 
The  distributed  network  caused  by  wiring  is  extracted  from 
the  layout  by  modelling  the  discontinuities  resulted  from 
wiring  redirections  as  series  resistance  and  series  inductance 
between  nodes  and  capacitive  coupling  to  ground,  scaled  by 
the  dimensions  of  the  actual  current  terminal  (wire). 

Cross  coupling  is  modelled  as  capacitive  coupling 
between  parallel  wires,  scaled  as  a  function  of  the  distance. 
This  was  done  only  on  frequency-critical  wires  in  the  circuit. 
The  same  software  was  used  to  extract  performance  of  the 
ring  oscillators,  mentioned  above  as  the  first  circuits  realized 
in  that  technology.  Simulation  of  these  circuits  resulted  in  a 


Physica  Script  a  T54 


50  G.  Schuppener,  B.  Willen,  M.  Mokhtari  and  H.  Tenhunen 


delay  time  of  Tj  =  35  ps  with  a  power  consumption  per  gate 
of  Pw/gate  =  70  mW,  whereas  the  measured  results  were  only 
slightly  different  with  =  34  ps  and  Pw/gate  =  65  mW. 

7.  Conclusion 

We  have  fabricated  InP-  and  GaAs-based  HBTs  showing 
cut-off  frequencies  well  above  60  GHz  and  sufficient  dc 
current  gain  for  IC  design.  Both  technologies  are  quite  well 
developed  and  performance  is  comparable  with  internation¬ 
al  foundries. 

Using  this  in-house  technology  we  have  designed  a  4 : 1 
multiplexer  for  operation  at  high  output  rates.  Currently  the 
circuit  is  under  fabrication  at  the  Semiconductor  Labor¬ 
atory  of  the  Royal  Institute  of  Technology,  and  measure¬ 
ments  are  expected  soon.  The  circuit  area  is  2.3  x  6.3  mm^ 
and  the  power  dissipation  is  expected  to  be  approximately 
18  W,  including  the  output  load. 

Further  circuit  optimization  with  respect  to  better  device 
models  can  be  expected  to  greatly  improve  the  performance, 
both  on  higher  speed  and  lower  power  consumption. 
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Abstract 

At  the  University  of  Turku  in  the  Laboratory  of  Electronics  and  Informa¬ 
tion  Technology  a  microcomputer  controlled  compact  multichamber  pro¬ 
cessor  for  semiconductor  wafer  processing  has  been  designed  and  built. 
Several  different  processes  like  various  chemical  vapor  depositions  (CVD), 
plasma  etching  and  sputtering  can  be  carried  out.  At  the  moment  the 
research  processor  contains  two  reactors  for  1 50  mm  silicon  wafers  and  a 
third  one  for  sputtering  is  under  construction.  The  dimensions  of  the  pro¬ 
cessor  including  gas  cabinets  and  UHV  pumping  equipment  are  about 
(L  X  H  X  W)  4  X  1.2  X  1  m^.  The  objectives  of  this  system  are  to  minimize 
the  need  of  clean  room  space  without  compromising  the  clean  process  con¬ 
ditions  and  to  provide  the  means  for  laboratory  scale  integrated  circuit 
fabrication.  For  now  this  system  can  be  used  for  processing  CVD  oxida¬ 
tion,  both  epitaxial  and  polysilicon  growth  and  plasma  etching.  In  the 
CVD  reactor  we  have  grown  e.g.  silicon  homoepitaxial  layers  of  good 
quality  at  low  pressure  and  temperature  (0.5-200  Pa,  650-750  “C)  at  the 
growth  rate  of  about  5  nm/min. 

1.  Introduction 

Semiconductor  technology  has  evolved  fast  during  the  last 
three  decades.  New  composite  materials  like  gallium- 
arsenide  have  been  developed,  although  silicon  will  still  be 
the  most  common  semiconductor.  The  lateral  element 
dimensions  have  been  reduced  below  1  pm  and  the  size  of 
wafers  have  grown  to  25  cm.  However,  the  use  of  large  size 
wafers  has  raised  the  questions  of  handling,  processing  posi¬ 
tion  and  thermal  stress. 

The  prices  of  semiconductor  processing  equipment  have 
always  been  high.  When  the  requirements  of  the  accuracy 
and  the  stability  of  temperatures  and  other  processing 
parameters  have  been  tightened,  the  prices  have  increased, 
and  now  they  exceed  the  resources  of  most  universities.  At 
universities  and  in  many  research  institutes  there  is  no  need 
for  volume  production,  and  it  is  enough,  if  one  wafer  at  a 
time  is  to  be  processed  and  carried  sequentially  through 
various  steps  [1].  Thus,  it  is  useful  to  build  a  versatile 
central  unit,  common  to  all  different  reactors,  equipped  with 
power  supplies,  automatic  controls,  vacuum  pumps,  and  gas 
distribution,  which  will  serve  several  different  reactors.  The 
reactors  would  be  used  only  one  in  turn.  The  required  space 
for  the  equipment  and  the  operation  area  can  be  reduced 
below  30  m^.  The  actual  footprint  of  the  device  here  is  only 
about  4m^.  The  lithography  equipment  and  optical  as  well 
as  electrical  measuring  instruments  will  be  needed  in  addi¬ 
tion. 

2.  Description  of  the  system 

At  the  University  of  Turku  in  the  Laboratory  of  Electronics 
and  Information  Technology  we  have  been  designing  and 
constructing  a  research  multichamber  processor  for  the 
150  mm  silicon  wafers  since  1991.  The  goal  has  been  to 


build  a  modern  compact  silicon  semiconductor  processing 
equipment  which  should  need  only  a  small  clean  room 
space  and  form  a  complete  system  for  various  processes  e.g. 
towards  novel  structures  of  silicon  IC’s.  At  the  moment  the 
equipment  consists  of  three  typical  reactors  with  a  com¬ 
bined  vacuum  system  (Fig.  1).  The  vacuum  system  consists 
of  a  common  element,  a  turbo  pump  (880 1/s),  a  mechanical 
pump  (63m^/h),  and  HV/UHV  valves.  The  reactors  are  con¬ 
nected  via  flexible  tubing  and  vacuum  valves  to  the  expand¬ 
able  common  element  which  can  also  be  used  to  collect 
residual  gases  for  spectrometric  analysis.  The  dimensions  of 
the  processor  including  gas  cabinets  are  about  (L  x  H  x  W) 
4  X  1.2  X  1  m^.  The  first  reactors  are  aimed  for  chemical 
vapor  deposition,  etching  and  sputtering. 

At  the  moment,  the  gas  distribution  system  contains  high 
purity  process  gases  (Ar,  H2,  N2,  Oj,  ASH3,  B2H6,  SiH^, 
CCI4  and  CF4)  of  which  hazardous  gases  are  placed  in  gas 
cabinets  locating  next  to  the  reactors.  The  gas  piping  is 
made  of  1/4"  ultrapure  electropolished  stainless  steel  (AISI 
316L)  tubes.  The  gas  flows  are  controlled  and  regulated  by 
computer  operated  pneumatic  valves  and  mass  flow  control¬ 
lers.  The  high  purity  of  gases  near  the  point  of  use  is  secured 
with  particle  filters.  The  complete  gas  and  vacuum  systems 
are  leak  tested  with  helium. 

Environmental  aspects  and  low  gas  consumption  were 
taken  into  account.  Thus  it  is  possible  to  keep  the  amount 
of  doping  gases  very  low.  Even  in  the  event  of  a  severe  acci¬ 
dent,  the  concentration  of  the  doping  gases  in  room  air 
would  stay  below  0.3  ppm.  In  addition,  the  system  is 
equipped  with  a  hazardous  gas  alarm  system.  The  exhaust 
gases  from  the  pumps  can  be  fed  through  a  microprocessor 
controlled  combustion  unit  where  propane-air  flame  burns 
all  exhaust  gases  in  a  ceramic  tube  at  the  temperature  of 
2000 °C. 

gas  cabinets  reactors  and  mass 

loadlock  spectrometer 


4  m - s- 


Fig.  I.  The  schematic  layout  of  the  Multichamber  processor.  The  main 
parts  of  the  processor  are  a  common  vacuum  element  D,  mechanical 
pumps  Ml  and  M2,  turbo  pumps  T1  and  T2,  a  throttle  valve  H,  a  mass 
spectrometer  S,  and  a  combusion  unit  C  including  reactors  and  gas  cabin¬ 
ets.  The  width  of  the  system  is  about  1  m. 
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Fig.  2.  The  X-ray  diffraction  intensities  as  the  function  of  the  measurement 
angle  28  using  CuK„i-radiation,  The  intensity-scale  refers  to  the  curve  a,  the 
curve  b  and  c  are  shifted  one  and  two  decades,  respectively.  The  curve  a  is 
from  the  reference  measurement  of  an  unprocessed  wafer,  the  curve  b  is 
from  a  typical  processed  wafer  with  a  2-pm  epitaxial  layer  and  the  curve  c 
is  from  a  wafer  with  a  6-pm  thick  polysilicon  layer  grown  on  it.  The  Miller 
indices  show  the  allowed  reflections  from  the  silicon  crystal.  The  strong 
(400)  reflection  peaks  come  from  the  (100)-oriented  monocrystalline  sub¬ 
strates. 

At  the  moment  there  are  two  routinely  operative  reactors 
in  the  processor,  the  first  one  for  CVD  processes  and  the 
second  one  for  plasma  etching.  The  third  one  for  sputtering 
is  now  under  construction.  The  whole  system  is  regulated 
and  controlled  by  programmable  logic  units  operated  by  a 
PC. 

Some  semiconductor  process  steps  cannot  be  executed  in 
the  multichamber  processor  and  have  to  be  done  outside. 
For  example,  lithographic  operations  are  processed  separa¬ 
tely.  Also  all  the  necessary  wet  cleaning  and  etching  steps 
require  other  facilities.  For  these  processes  there  is  another 
small  clean  room  for  safe  handling  of  the  processed  wafers. 
The  transportation  of  the  wafers  between  the  work  stations 
is  done  using  special  cassettes  compatible  with  the  loadlock 
of  the  processor. 


3.  Reactor  for  CVD  processes 

The  inside  measures  of  the  first  process  chambers  (CVD  and 
etching)  are  320  mm  in  diameter  and  300  mm  in  height  and 
they  are  made  of  stainless  steel  (AISI  304).  The  chambers 
aimed  for  high  temperature  processes  are  water  cooled.  The 


Fig.  3.  A  photograph  using  Nomarski  microscopy  of  the  defect  etched 
1-pm  epitaxial  layer.  Yang-etch  [6]  was  used  for  180  s.  The  wafer  was  pro¬ 
cessed  before  the  ambient  air  on  the  wet  cleaning  station  was  properly 
filtered  and  thus  there  exists  stacking  faults. 


first  reactor  was  designed  for  epitaxial  and  CVD  processing 
with  a  separate  loadlock  connected  to  the  mechanical  pump 
to  ensure  clean  processing  conditions.  The  gate  valve 
opening  between  the  loadlock  and  the  reactor  is 
210  mm  X  25  mm.  The  processing  temperature  of  the  wafer 
is  planned  to  be  below  900  °C.  In  the  beginning,  an  electric 
heating  method  was  selected.  The  dimensions  of  the  graph¬ 
ite  heater  are  200  x  200  x  5  mm^  and  the  maximum  heating 
power  is  3.6  kW.  The  wafer  being  processed  is  pushed  with  a 
steel  rod  from  the  loadlock  through  the  gate  valve  on  a 
3  mm  thick  quartz  susceptor.  Process  gases  are  distributed 
into  the  reactor  through  a  special  nozzle  about  80  mm 
above  the  quartz  plate.  The  nozzle  consists  of  four  lateral 
tubes  welded  together  to  form  a  200  mm  x  200  mm  square 
with  20  small  holes  (0.2  mm  in  diameter)  through  which  the 
process  gases  are  injected. 

The  growth  process  for  the  silicon  epitaxy  is  similar  to  the 
UHV/CVD  process  introduced  by  Meyerson  [2].  Epitaxial 
layers  were  deposited  on  lightly  doped  n-type  (1(X))  silicon 
wafers  with  a  resistivity  of  about  1 Q  cm.  Before  the  growth 
the  wafer  is  dipped  into  5%  HF  solution  for  10  to  30  s  [3] 
to  remove  the  native  oxide.  Then  the  wafer  is  immediately 
moved  into  the  transfer  cassette,  which  is  connected  to  the 
loadlock.  The  loadlock  is  purged  with  nitrogen  and  pumped 
to  a  prevacuum  of  about  10  Pa.  After  that  the  wafer  is 
pushed  into  the  reactor  onto  the  quartz  susceptor  under  a 
low  pressure  nitrogen  flow.  Before  the  growth  starts  the 
reactor  is  pumped  down  below  1  pPa  to  remove  all  possible 
gaseous  contaminants.  Then  the  wafer  is  heated  up  to  the 
growth  temperature  of  650-750  °C  and  process  gases  are  fed 
into  the  reactor.  The  growth  pressure  has  usually  been  in 
the  range  of  0.5-200  Pa.  Silicon  was  deposited  from  silane 
SiH4  with  a  typical  flow  rate  of  4  seem.  Hydrogen  was  used 
as  a  carrier  gas  and  oxide  growth  suppressor  with  a  typical 
flow  rate  of  20  seem.  Arsine  AsHj  and  diborane  B2H6  were 
used  as  doping  precursors.  Typically,  growth  rates  were 
found  to  be  about  5  nm/min,  which  is  in  agreement  with  the 
results  published  by  other  researchers  [4,  5].  This  gives  a 
high  growth  efficiency  of  about  5%.  At  the  moment,  the 
possible  doping  range  is  10^®-10^®cm“^.  CVD  Si02  films 
were  successfully  grown  from  silane  and  oxygen.  Polysilicon 
films  can  also  be  grown  with  this  reactor.  After  the  CVD 
oxidation  the  reactor  can  be  prepared  for  silicon  epitaxy  by 
short  nitrogen  purge  and  pumpdown  cycles.  However,  the 
intense  use  of  the  reactor  necessitates  the  periodic  cleaning 
of  the  chamber. 

Consequently,  various  thin  films  can  be  grown  on  silicon 
wafer  surface.  X-ray  diffraction  measurements  showed  that 
the  epitaxial  layers  are  of  good  quality  and  follow  the 
crystal  structure  of  (lOO)-oriented  substrates.  Three  exam¬ 
ples  of  the  diffraction  measurements  are  shown  in  Fig.  2  as  a 
function  of  the  measuring  angle  29  using  Cu^^i -radiation. 
The  CuKt,2  "radiation  was  not  filtered  and  it  can  be  seen  in 
the  strongest  reflection  peaks.  The  curve  a  is  from  a  refer¬ 
ence  measurement  of  an  unprocessed  wafer,  b  is  from  a  typi¬ 
cally  processed  wafer  with  a  2-|im  thick  epitaxial  layer  and 
the  curve  c  is  from  a  wafer  with  a  6-|im  thick  polysilicon 
layer  grown  on  it.  The  curves  from  unprocessed  and  epi¬ 
taxial  wafers  are  nearly  identical.  The  curve  c  from  the  poly¬ 
silicon  wafer  indicates  reflection  peaks  from  different  silicon 
crystal  planes.  The  strong  (400)  reflection  comes  from  the 
(100)-oriented  substrate  and  it  is  seen  on  all  curves.  The 
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(200)  reflection  is  basically  forbidden  in  diamond  crystal 
structure  but  it  is  seen  because  of  multiple  reflections  in  the 
crystal. 

In  order  to  search  for  defects  the  wafer  was  etched  by 
using  the  Yang  method  [6].  Microscopic  studies  revealed 
that  only  occasional  stacking  faults  were  found  on  the 
surface  (Fig.  3).  Their  number  was  reduced  practically  to 
zero  by  decreasing  the  amount  of  particles  locally  on  the 
wet  clean  station. 

4.  Plasma  etching  reactor 

The  plasma  reactor  is  a  single  wafer  parallel-plate  system.  In 
this  cathode-coupled  RIE  type  reactor  the  top  electrode  and 
the  chamber  walls  are  grounded  and  the  lower  electrode 
with  the  wafer  holder  is  powered  through  a  dc-blocking 
capacitor.  As  the  ratio  of  the  effective  areas  of  the  alu¬ 
minium  electrodes  is  large,  a  significantly  high  sheath  dc 
self-bias  potential  can  be  produced.  In  the  typical  process 
pressure  range  of  5-100  Pa  the  bias  voltage  varies  from  60 
to  800  volts  (the  frequency  of  the  rf  generator  is  100  kHz 
and  the  power  is  65  W.)  Therefore  the  ion  bombardment  can 
be  adjusted  for  suitable  anisotropy  of  etch  processes  [7]. 

The  etching  gases  are  CF4  and  CCI4 ,  which  can  be  used 
to  etch  most  interesting  layers,  e.g.  Si,  Si02 ,  polysilicon  and 
Al.  Selectivity  can  be  increased  with  additional  gases  like 
O2 ,  H2 ,  Ar  and  N2  [8].  The  preliminary  results  show  that 
the  etch  rate  of  Si  and  Si02  is  lOOnm/min  (pressure  10  Pa, 
gas  flow  30  seem;  etch  time  5  min). 

In  the  future  the  reactor  will  be  equipped  with  a  high 
frequency  generator  (13.56  MHz)  in  order  to  increase  the 
concentration  of  reactive  radicals  and  etch  rate  of  various 
layers. 

5.  Sputtering  reactor 

The  magnetron  sputtering  reactor  has  a  water  cooled  alu¬ 
minium  cathode  of  2"  in  diameter  at  a  distance  of  about 
280  mm  from  the  substrate.  A  manually  operated  gate  valve 
will  be  inserted  between  the  target  and  substrate,  so  an  easy 
change  of  the  target  material  is  possible  without  opening  the 
reactor.  The  long  distance  between  the  target  and  the  sub¬ 
strate  enables  to  use  a  small  and  inexpensive  magnetron  and 
the  deposition  will  be  automatically  uniform.  The  maximum 
sputtering  power  of  the  magnetron  is  1  kW.  The  deposition 
process  can  be  monitored  visually  through  two  windows 
shielded  from  deposition  by  manual  shutters.  At  first  only 
DC  sputtering  will  be  used,  but  in  the  future  the  RF  sputter¬ 
ing  and  sputter  etching  can  be  carried  out,  too. 

6.  Conclusions  and  future  applications 

The  multichamber  processor  can  be  applied  to  several  semi¬ 
conductor  manufacturing  processes.  In  fact,  when  the  pro¬ 


cessor  is  fully  assembled  it  can  perform  all  the  necessary 
process  steps  to  produce  complete  integrated  circuits 
excluding  lithography  and  wet  cleaning.  The  benefits  with 
this  kind  of  operation  are  the  cleanliness  of  the  wafer  pro¬ 
cessing  in  the  system  and  the  possibility  for  low  cost  manu¬ 
facturing  of  small  sets  of  integrated  circuits.  Also  the 
requirements  for  the  clean  room  space  are  reduced  and  the 
process  gas  consumption  is  extremely  low.  When  the  wafers 
are  transported  between  the  work  stations  the  cleanliness  is 
secured  by  special  cassettes. 

The  eVD  reactor  can  be  applied  for  example  for  CVD 
oxide  growth  with  silane  and  oxygen  and  for  polysilicon 
growth.  Because  of  the  relatively  low  process  temperatures 
there  are  no  autodoping  problems.  After  the  low  tem¬ 
perature  oxidation  just  a  short  nitrogen  purge  and  pump- 
down  cycle  is  sufficient  to  clean  the  reactor  ready  for 
epitaxial  processing.  The  expitaxial  process  itself  can  be 
used  for  several  applications  including  selective  epitaxial 
growth  [9,  10]  and  shallow  structures  with  very  sharp 
doping  profiles.  The  dopant  concentration  in  the  growing 
epitaxial  layer  can  be  varied  to  achieve  complex  structures. 
It  is  also  easy  to  include  a  germane  (GeH4)  gas  line  to  the 
multichamber  processor  whereupon  it  becomes  possible  to 
produce  variable  silicon-germanium  structures  like  quantum 
wells  with  the  CVD  process  reactor  [11]. 

The  concept  of  the  whole  system  is  completely  new  and 
easily  extendible  to  numerous  applications  so  far  difficult  to 
attain. 
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Abstract 

An  optimized  design  methodology  for  negative  bias  charge  pumps  is  pro¬ 
posed.  The  circuit  -discussed  gives  an  output  voltage  negative  to  the  ground 
and  can  be  used  with  n-substrate  CMOS  processes.  Negative  bias  voltages 
are  used  in  IGBT  gate  drivers.  The  analysis  in  this  paper  is  done  for  a 
resistive  load,  but  it  can  be  applied  also  to  capacitive  loads  in  steady  state 
cases  with  constant  average  current.  The  design  rules  are  derived  from 
theoretical  calculations  and  verified  with  simulations. 


1.  Introduction 

Negative  gate  biases  are  used  in  driving  IGBTs  for  improv¬ 
ing  the  noise  margin  and  preventing  dv/dt  induced  turn-on, 
and  for  speeding  up  the  switch-off.  The  negative  gate  bias 
can  be  supplied  from  the  power  supply.  However,  in  many 
cases  it  is  more  economically  to  generate  the  negative  bias 
on  the  driver  chip.  A  circuit  called  charge  pump  is  generally 
used  for  generating  this  negative  bias  on  chip. 

Charge  pumps  can  also  be  used  for  generating  voltages 
over  the  supply  voltage  (positive  charge  pump),  and  some 
papers  have  been  published  about  optimizing  the  design  of 
these  [1,  2].  However,  the  author  has  found  no  papers 
published  during  the  last  ten  years  of  the  optimized  design 
of  negative  charge  pumps. 


2.  Theory  of  negative  charge  pumps 

Basically  a  negative  charge  pump  consists  of  two  capacitors, 
pump  capacitor  Cp  and  hold  capacitor  ,  and  four 
switches  for  transferring  the  charge  from  the  power  supply 
via  the  pump  and  hold  capacitors  to  the  load.  Fig.  1. 

In  the  first  phase  the  pump  capacitor  Cp  is  loaded  from 
the  power  supply  ^DD-  In  the  second  phase  the  charge  is 
transferred  to  the  hold  capacitor  0^.  If  there  were  no  dis¬ 
charge  to  the  load,  the  output  voltage  would  be  after  the  nth 


Vdd 


Fig.  1.  The  principle  of  a  negative  charge  pump.  The  switches  are  shown  in 
pulse  A  low,  pulse  B  high  position,  is  the  pump  capacitor  and  C„  the 
hold  capacitor. 


cycle  (1) 


r  ” 

■  V  ^  V 

^DD  ^  Lt 
1 


Cp  -F  Cjj^ 


(1) 


where  is  the  supply  voltage.  And  the  limiting  value  of 
Vo„t,  when  n  ->  oo  is  of  course  Idd-  If  the  hold  capacitor  is 
discharged  through  a  resistive  load  with  a  discharging 
time  fi,  the  output  voltage  after  the  nth  cycle,  when  omitting 
the  pump  capacitor  discharge  to  load  time  £2,  is  according 
to  eq.  (2).  For  the  moment  the  resistance  of  the  switches, 
,  is  considered  as  insignificant.  This  is  true  when  the  time 
constant  Cp  tj,  tj . 


Ku.(«)  = 


~  fpD 

Cjj  g“'l/(i?LCH) 


Cjjg~'l/(*LCH)\n 

Ch  +  Cp  / 


(2) 


The  steady  state  minimum  negative  voltage  limit,  that  is  the 
output  voltage  value  after  the  discharge  period  tj,  with 
resistive  load  is  (when  n  ->  00)  eq.  (3) 


~  fpD  6xp  (  — fi/J?L  ^m) 
Cp  -f  Ch(1  —  exp  (— t/I?L  Ch)) 


(3) 


The  maximum  negative  voltage  limit  is  calculated  by  setting 
the  exponential  term  after  —  Fdd  Cp  to  unit  value.  When 
one  takes  into  account  the  pump  capacitor  discharge  time 
£2 ,  the  equation  becomes  a  little  bit  more  complicated  (4) 


Ku^{'x>)  = 


(  V  r  <.vn  ~^i(Cp  +  Ch)  +  £2  Cp\ 

(-r„„c,exp  j,^c„(c,  +  c„)  j 

/  -I-  r..i  4- 1.  rJ 


(4) 


where  Idd  is  supply  voltage,  Rj^  load  resistance,  £1  hold 
capacitor  discharge  time  and  £2  pump  capacitor  discharge 
time  to  load  (in  parallel  with  the  hold  capacitor).  The  steady 
state  average  current  can  be  calculated  from  the  relation  (5) 


Qo  ~  Qi^i) 


(5) 


where  Q{ti)  =  Ch  k"out(°o)  and  Qq  for  the  case  in  equation  (3) 


60  ~  Ch  Cp/(Cp -t- Ch(1  exp  (  ti/Ri^Cy^)  (6) 


A  corresponding  expression  can  be  calculated  for  the  case  in 
eq.  (4),  too.  Equation  for  the  voltage  ripple  can  also  be 
derived.  Equations  (3)  and  (4)  show  that  the  output  voltage 
has  a  steady  state  level  between  the  negative  of  the  supply 
voltage  and  ground.  From  the  desired  output  current  or 
load  and  the  minimum  allowable  negative  bias  level  one  can 
calculate  the  requirements  for  the  parameters  of  the  charge 
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Fig.  2.  The  relative  output  voltage  as  a  function  of  the  capac¬ 

itance  ratio  K  =  and  the  time  constant  ratio  r/t,,  where  t  =  Ch  ■ 

pump.  If  we  mark  the  load  time  constant  J?l  Ch  =  r  and  the 
capacitance  ratio  Cp/Cn  =  N,  we  get  for  abs(I^uJ  >  0.9 
the  conditions  t^  <^t  and  K  >  I  (t2  <  ti  always).  This  sets 
the  pumping  frequency  and  the  capacitance  values.  Figure  2 
shows  the  relative  output  voltage  as  a  function  of  the  capac¬ 
itance  ratio  K  and  the  time  constant  ratio  r/tj. 

The  preceding  analysis  is  done  for  a  resistive  load.  It  can 
be  applied  also  to  switched  capacitive  loads  on  steady  state 


Fig.  3.  The  practical  CMOS  realization  of  the  negative  charge  pump. 


Fig.  4.  The  output  voltage  of  an  ideal  charge  pump  with  =  Cp  =  10  nF 
and  =  2500;  and  the  calculated  voltage  values  from  eq.  (4).  The  simu¬ 
lated  average  output  current  was  16.76  mA. 


conditions  with  constant  average  current.  This  is  the  normal 
case  with  switched  mode  IGBT  power  drivers. 


3.  CMOS  realization  of  a  negative  charge  pump 

The  practical  realization  of  the  charge  pump  can  be  done 
with  CMOS  transistors,  Figure  3.  It  requires  either  a  n- 
substrate  process  or  the  possibility  of  floating  NMOS  tran¬ 
sistors.  Transistors  Tl  —  T4  correspond  the  switches  of 
Figure  1,  and  the  function  of  the  transistors  T5-T8  is  to 
keep  the  bodies  of  T3  and  T4  in  the  most  negative  potential, 
to  prevent  latch-up.  The  on-resistance  of  the  real  switches 
sets  another  limit  to  the  design.  If  the  pump  charging  time 
(ti-tj),  see  Fig.  1,  approaches  the  time  constant  Tp  =  CpR„„, 
in  eqs  (2)-(6)  will  be  under  actual  supply  voltage.  This 
sets  an  upper  limit  to  the  pump  frequency.  The  substrates  of 
the  switching  CMOS  transistors  must  always  be  in  the  most 
negative  potential  to  prevent  latch-up.  This  determines  the 
timing  of  t^  and  fj  within  a  cycle,  to  give  enough  settle  time 
for  transistors  T5-T8.  Especially  the  edges  of  and  tj  must 
not  be  overlapping,  because  otherwise  T3  and  T4  and  there¬ 
after  the  hold  capacitor  would  be  short-circuited. 

The  application  of  the  negative  charge  pump  described  is 
limited  to  processes  with  n-substrate  or  suitable  floating 
NMOS  transistors.  The  design  limitations  come  from  the 
large  area  needed.  For  example  a  —  5V  10mA  source  with 
4.9  V  upper  limit  with  50nF/10nF  Cp  and  capacitors 
needs  min.  3.3  MHz  pumping  frequency.  This  set  the 
maximum  resistance  of  the  main  switches  to  1.3  Q.  Typical 
gate  width  would  then  be  15-40  mm  and  area  0.6-1. 4  mm^. 
The  fact  that  the  outputs  to  the  external  capacitors  cannot 
have  protection  components  may  cause  reliability  problems. 

Figure  4  shows  a  simulated  output  voltage  of  the  ideal 
negative  charge  pump  in  Fig.  1.  The  simulation  has  been 
done  with  PSPICE  circuit  simulation  program.  The 
switches  have  been  ideal  switches  with  R^„  =  1  Ch  and  Cp 
were  both  10  nF  and  Rj^^^  =  250  Q.  The  supply  voltage  Kjd 
was  5V  and  the  pumping  frequency  was  2.5  MHz.  The 
nominal  output  current  is  =  5V/250£I  =  20  mA.  The 
simulation  time  has  been  long  enough  to  reach  the  steady 
state  conditions.  The  simulated  upper  and  lower  limit  values 
are  very  close  to  the  calculated  ones. 
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Abstract 

The  Permeable  Base  Transistor  (PBT)  is  generally  considered  as  an  inter¬ 
esting  device  for  high  speed  applications.  PBTs  have  been  fabricated  on 
Silicon  and  Gallium  Arsenide  by  a  number  of  groups.  In  this  paper  we 
reported  on  the  fabrication  of  an  etched  groove  PBT  structure  on  6H-SiC 
using  Ti  as  contact  metal  for  all  electrodes.  The  devices  have  been  charac¬ 
terised  by  DC-measurements.  The  transistors  show  the  normal  IV- 
characteristics  for  a  such  a  device  except  for  a  parasitic  series  diode  at  the 
drain  electrode.  The  breakdown  voltage  of  the  gate-drain  diode  is  generally 
as  high  as  around  60  V  even  without  passivation  of  the  sidewalls  of  the 
grooves. 


transconductance  and  thus  with  the  doping  concentration  in 
the  channel. 

We  have  used  the  analytical  expression  for  the  unity 
current  gain  frequency,  /t,  for  an  over-grown  PBT  pro¬ 
posed  in  [8]  to  estimate  the  SiC  PBT  high  frequency 
properties.  The  original  model  has  been  modified  to  be  valid 
for  an  etched  groove  PBT  and  the  final  expression  is: 


fi  — 


c7m,  sat 


^sat 


1.  Introduction 

Silicon  Carbide  is  an  interesting  material  for  high  tem¬ 
perature,  high  frequency  and  high  power  devices.  A 
summary  of  the  properties  of  this  material  can  be  found  in 
[1,  2].  Many  devices  may  have  been  manufactured  in  SiC 
during  the  past  years  including  diodes,  MOSFETs  and 
MESFETs.  There  is  however  not  reported  any  working 
PBT  device  on  SiC. 

The  PBTs  are  considered  to  perform  at  very  high  fre¬ 
quencies.  Such  a  device  on  GaAs  achieved  a  cut-off  fre¬ 
quency  of  200 GHz  [3].  For  PBTs  on  Silicon  cut-off 
frequencies  of  120  GHz  have  been  simulated  [4].  The  mea¬ 
sured  cut-off  frequencies  for  Silicon  devices  are  however  in 
the  range  of  25  GHz  [5,  6]. 

PBTs  could  either  be  manufactured  by  etching  of  grooves 
for  deposition  of  the  gate  metal  or  by  overgrowing  the  gate 
grid  with  Silicon.  The  etched  groove  PBT  is  estimated  to 
have  better  high  frequency  properties  than  the  overgrown 

[7]. 

There  is  some  confusion  in  the  literature  concerning  the 
names  of  the  electrodes  of  the  PBT.  However  since  the 
device  essentially  operates  as  a  vertical  short  channel 
MESFET  we  have  used  the  names  source,  gate  and  drain  in 
this  paper. 

SiC  offers  a  number  of  advantages  for  manufacturing  of 
PBTs  compared  to  silicon.  The  high  saturation  velocity  for 
electrons  in  SiC  predicts  higher  operating  frequency  than  in 
silicon.  Schottky  contacts  formed  on  SiC  generally  have 
much  higher  barriers  than  Schottky  contacts  to  silicon.  This 
will  reduce  the  gate  leakage  current  and  in  combination 
with  the  high  breakdown  field  in  SiC  allow  fabrication  of 
PBTs  with  high  channel  doping.  This  is  important  since  the 
maximum  operating  frequency  of  a  PBT  increases  with  its 


*  Also:  Mid-Sweden  University,  Dept,  of  Electronics,  S-851  71  Sundsvall, 
Sweden. 
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X  =  x/l  +7 


where 


fj  =  unity  gain  frequency 
9m.  sat  =  transconductance  at  saturation 
C,„,  =  total  capacitance  at  the  gate 

Pj,,  =  saturation  velocity  for  carriers 
Ljff  =  effective  channel  length,  explained  in  text  below 
a  =  line  width  of  the  grid,  the  grid  spacing  is  2a 
—  built  in  voltage  of  the  gate  diode 
=  gate  to  source  voltage 
K.S  =  drain  to  source  voltage 
Njy  =  doping  concentration  in  the  channel 

The  first  equation  in  this  set  is  the  standard  equation  for  fj 
of  a  MESFET.  The  channel  length  of  the  ideal  MESFET 
has,  in  this  case,  to  be  replaced  by  the  effective  channel 
length  Ljff  taking  into  account  the  two  dimensional  effects 
and  the  capacitance  under  the  gate.  The  parameters  rj,  a^, ,  otg 
reflect  the  geometry  of  the  grid  and  can  be  regarded  as  inde¬ 
pendent  of  material  and  doping  levels.  The  values  of  these 
parameters  are  always  in  the  range  0.5-1.  Estimated for  a 
SiC  PBT  with  grid  line  width  a  =  0.2  pm,  channel  doping 
Afp  =  1.5  X  10^®cm“^,  ap  =  0.5,  =  0.5,  rj  =  0.5,  =  2 

X  10’ cm/s,  F^^  =  4.0V  and  =  0.0V  is  90  GHz.  The 
same  estimation  for  a  Si  PBT  with  the  same  parameters 
except  Np  =  1.0  x  10*’cm“®  and  =  1.0  x  10’ cm/s 
yields  fj  =  32  GHz. 

The  high  channel  doping  for  the  PBT  on  SiC  has  been 
chosen  according  to  our  results  for  schottky  diodes  on  SiC 
in  another  study  [9]. 


Physica  Scripta  T54 


Multichamber  Processor  for  Small  Semiconductor  Laboratories  -  The  First  Results  57 


A  large  part  of  the  effective  channel  length  is  due  to  the 
capacitance  under  the  gate  fingers.  If  these  capacitance 
could  be  removed  then  the  estimated  fj  increases  to 
550  GHz  for  the  SiC  PBT  and  80  GHz  for  the  Si  PBT.  The 
estimation  is  based  on  the  drift  diffusion  model  and  no  hot 
electron  effects  have  been  included.  The  transcounductance 
is  proportional  to  the  square  root  of  the  doping  level  which 
gives  a  3.87  times  higher  transconductance  for  Njy  =  1.5 
X  10^®cm“^  compared  to  Nj)  =  1.0  x  10^^cm“^.  If  the  two 
times  higher  saturation  velocity  in  SiC  compared  to  Si  is 
also  included  then  the  transconductance  of  the  SiC  device 
rises  to  7.74  times  the  transconductance  for  a  Si  device  with 
the  same  geometrical  structure. 

In  this  project  we  fabricated  an  etched  groove  PBT.  The 
drain  consists  of  finger  shaped  structures  formed  by  dry 
etehing  of  grooves.  The  width  of  the  grooves  is  in  the  range 
1-2  pm.  The  gate  area  is  extended  in  order  to  allow  charac¬ 
terisation  by  probing.  A  top  view  of  a  transistor  is  shown  in 
Fig.  1.  Transistors  with  four  different  sizes  of  the  active  area 
exist  on  the  mask.  The  areas  are  625,  2500,  5625  and 
lOOOOpm^.  Gate  and  source  contacts  are  formed  by  self 
aligned  metallisation.  Ti  is  evaporated  on  to  the  wafer.  The 
sidewalls  of  the  grooves  are  then  cleaned  by  wet  etching  in  a 
HF  solution.  The  method  of  self  aligned  silicidation  used  for 
PBTs  on  silicon  [10]  is  more  difficult  to  use  in  SiC  tech¬ 
nology  since  Schottky  contacts  formed  by  silicidation  on 
SiC  are  generally  less  ideal  than  Schottky  contacts  formed 
by  deposition  of  metal  [11, 12]. 

An  optimal  wafer  for  this  process  is  a  n-type  6H-SiC  bulk 
wafer  with  two  n-type  epitaxial  layers  on  top  of  it.  The  first 
epitaxial  layer,  with  low  doping,  is  used  for  the  channel  of 
the  transistor.  The  second  layer,  with  high  doping  is  used 
for  source  or  drain  contact  depending  on  the  polarity  of  the 
voltage  in  the  channel.  Unfortunately  no  such  wafer  was 
available  at  the  time  of  processing  so  we  had  to  use  a  wafer 
with  a  single  epitaxial  layer.  The  disadvantage  of  that  is  that 
the  top  contact  will  be  rectifying.  That  contact  then  has  to 
be  used  as  drain  causing  high  electric  fields  at  the  sidewalls. 
The  structure  of  the  transistor  is  shown  in  Fig.  2. 

An  advantage  of  this  process  is  that  the  entire  structure 
can  be  created  using  epitaxial  layers.  Thus  doping  by  ion 


Fig.  1.  SEM-picture  showing  the  mask  layout  for  one  transistor.  The  dark 
areas  are  source  (drain)  and  the  light  areas  are  gate.  The  gate  is  extended  to 
the  left  in  order  to  give  space  for  probing.  The  source  fingers  are  connected 
by  the  vertical  bar  in  order  to  ensure  that  all  fingers  are  contacted  when 
probing. 


■■  Metal  (Ti)  -///•  Epitaxial  (Nd=l()‘6)  Bulk  (Nd-lO*^) 


Fig.  2.  Side  view  of  a  transistor  showing  the  different  layers.  Since  the 
wafer  used  lacked  the  upper  epitaxial  layer  the  top  contact  became  rectify¬ 
ing.  Thus  the  back  contact  had  to  be  used  as  source  and  the  top  contact 
had  to  be  used  as  drain,  i.e.  forward  biasing  the  diode. 

implantation,  a  technique  which  still  has  severe  problems, 
could  be  avoided. 

2.  Processing 

The  starting  material  for  this  process  was  a  n-type  6H-SiC 
wafer  {N^  =  3  x  10^®  cm"®)  with  a  n-type  epitaxial  layer  on 
top  of  it.  The  wafer  was  supplied  by  Cree  Research  Inc.  The 
doping  of  the  epitaxial  layer  was  specified  to  be  =  3.6 
X  10*®  cm"®  and  the  thickness  of  the  layer  was  specified  to 
be  3  pm.  The  etch  mask  for  formation  of  grooves  was 
defined  using  standard  photolithography.  Titanium  was 
evaporated  on  the  wafer  with  a  thickness  of  200  A,  then  a 
2000  A  layer  of  Nickel  was  evaporated  on  top  of  the  Ti 
layer.  The  metal  mask  pattern  was  then  defined  by  lift-off. 
The  Ti  layer  causes  good  adhesion  to  the  SiC  and  protects 
the  photoresist  during  evaporation  of  Ni.  The  Ni  layer  pro¬ 
tects  the  Ti  layer  during  etehing. 

Etching  was  done  by  RIE  in  a  gas  mixture  of  50  seem 
CF4,  10  seem  Ar  and  5  seem  O2  at  a  RF-power  of  100  W 
during  1  h.  The  pressure  in  the  chamber  during  etching  was 
15mTorr. 

The  result  of  the  etching  was  checked  with  SEM  and  the 
etch  depth  was  measured  to  be  1  pm.  (Fig.  3)  The  sidewalls 
were  not  exactly  vertical.  The  deviation  from  the  vertical 
axis  was  about  23°.  This  effect  causes  the  finger  widths  to  be 
larger  than  expected  from  the  lithography. 


Fig.  3.  SEM  micrograph  showing  some  transistor  fingers  after  etching  and 
metallisation.  The  nominal  width  of  these  fingers  was  2  pm.  Due  to  widen¬ 
ing  of  the  pattern  during  lithography  and  the  non-vertical  slopes  from 
etching  the  finger  width  at  the  bottom  of  the  groove  is  3  pm. 
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After  etching  the  structures  were  cleaned  in  an  oxygen 
plasma  for  10  min  in  order  to  remove  any  residues  from  the 
etching.  Then  3000  A  of  Ti  was  evaporated  on  top  of  the 
wafer  using  an  electron  beam  evaporator.  The  base  pressure 
before  evaporation  was  about  10”*  Torr. 

The  evaporated  metal  film  is  much  thinner  on  the  side- 
walls  than  on  the  top  and  bottom  of  the  grooves.  In  order 
to  clean  the  sidewalls,  and  thus  isolate  the  gate  from  the 
drain,  the  samples  were  etched  for  4  min  in  a  0.1%  HF  solu¬ 
tion.  The  sheet  resistance  of  the  Ti  layer  had  then  increased 
by  a  factor  of  two  indicating  that  the  thickness  of  the  Ti 
layer  had  decreased  to  half  of  its  initial  value.  Electrical 
measurements  confirmed  that  short  circuits  between  gate 
and  drain  no  longer  existed. 

Back  side  metallisation  was  done  by  evaporation  of 
3000  A  of  Ti  using  the  same  equipment  as  for  front  side 
metallisation.  Finally  the  samples  were  annealed  at  515  °C 
for  1  h.  No  passivation  of  the  sidewalls  was  done. 

3.  Characterisation 

After  processing  the  transistors  were  characterised  electri¬ 
cally  by  DC  measurements.  First  the  gate  diodes  were  char¬ 
acterised  by  measuring  IV  and  CV  characteristics.  Then  IV 
characteristics  for  a  number  of  transistors  were  measured 
and  the  results  were  compared  to  check  the  scaling  proper¬ 
ties. 

CF-measurements  were  performed  using  a  HP4279A  CV- 
meter  at  a  frequency  of  1  MHz.  A  probe  tip  was  placed  on 
the  metal  area  on  the  left  side  of  the  gate  diode  (Fig.  1).  The 
back  side  of  the  wafer  was  used  as  the  second  electrode. 

For  reference  the  same  measurements  were  done  on  a 
gate  diode  and  on  another  diode  with  the  same  area  but  on 
an  unetched  part  of  the  wafer.  The  results  from  the  CV- 
measurements  are  presented  in  Fig.  4. 

The  border  between  the  epitaxial  layer  and  the  bulk  of 
the  wafer  can  clearly  be  seen  in  the  figure  by  looking  at  the 
different  slopes  of  the  curves.  The  measurements  gave  a 
doping  concentration  in  the  epitaxial  layer  of  =  7 
X  10^’ cm”*,  a  Schottky  barrier  height  of  (ffo  =  0.95 eV,  an 
initial  thickness  of  the  epitaxial  layer  of  1.6  pm  and  an 
etching  depth  of  1  pm,  using  a  diode  area  of  26  400  pm*. 

/F-characteristics  of  the  gate  diodes  were  measured  in  a 
computerised  measurement  system  using  HP3245A  Univer- 


Fig.  4.  1/C^  as  a  function  of  reverse  bias  for  a  gate  diode  and  an  unetched 
diode  with  the  same  area.  The  border  between  the  epitaxial  layer  and  the 
bulk  is  at  the  knee  in  the  curves.  Etching  depth  and  thickness  of  the  epi¬ 
taxial  layer  can  be  calculated  from  these  curves. 
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Fig.  5.  Forward  current  density  as  a  function  of  forward  voltage  for  a  gate 
diode.  The  ideality  factor  is  1.05. 

sal  Source  and  HP3458A  Multimeter.  The  results  of  these 
measurements  are  presented  in  Fig.  5.  From  these  results  a 
Schottky  barrier  height  of  d>B  =  0.96  eV  and  an  ideality 
factor  of  1.05  were  extracted.  The  diodes  show  good  rectify¬ 
ing  behaviour  and  the  reverse  leakage  currents  were  always 
below  1  pA  at  reverse  voltages  of  up  to  30  V. 

The  same  measurement  set-up  was  also  used  for  measur¬ 
ing  the  /F-characteristics  of  the  transistors.  The  top  elec¬ 
trode  contact  was  used  as  drain  and  the  back  side  of  the 
wafer  was  used  as  source.  During  the  measurements  the 
source  was  grounded  and  the  voltages  of  the  gate  and 
the  drain  were  varied.  The  results  for  a  typical  transistor  are 
presented  in  Fig.  6.  The  drain  current  is  measured  for  a 
number  of  different  gate  voltages.  The  gate  voltage  varies  in 
the  range  0 — 20  V  and  the  drain  voltage  varied  in  the 
range  0-10  V.  The  diode  at  the  drain  contact  causes  the 
drain  current  to  be  almost  zero  for  drain  voltages  below 
1.5  V. 

The  dependence  of  drain  current  on  active  area  was 
checked  by  measuring  the  /F-characteristics  for  transistors 
with  the  same  grid  dimensions  but  with  different  active 
areas.  Drain  current  scaled  well  with  active  area  for  all  four 
sizes  of  transistors. 

The  dependence  of  drain  current  on  grid  dimensions  was 
checked  by  measuring  /F-characteristics  of  transistors  with 


Fig.  6.  IfV  characteristics  for  a  typical  transistor.  The  effective  grid  width 
is  2.5  pm.  The  drain  current  is  expressed  as  current  (in  pA)  per  pm  finger 
length. 
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different  grid  widths.  In  this  case  the  scaling  was  not  as 
exact  as  for  transistors  with  different  areas.  This  can  prob¬ 
ably  be  explained  by  uncertainties  in  the  lithography  and 
effects  of  the  non-vertical  sidewalls. 

In  this  process  no  passivation  of  the  sidewalls  after 
etching  of  the  grooves  was  done.  This  was  expected  to  cause 
some  problems  with  high  leakage  currents  and  diode  break¬ 
down  especially  since  the  top  electrode  had  to  be  used  as 
drain  leading  to  high  electrical  field  at  the  sidewalls. 
However  most  of  the  gate-drain  diodes  could  withstand  at 
least  60  V. 

4.  Simulations  and  discussion 

In  order  to  compare  our  results  with  theoretical  results  the 
structure  was  also  simulated  with  MEDICI.  The  values  used 
in  the  simulation  were  JVu  =  7  x  10^^  cm~^,  epi  layer  thick¬ 
ness  1.6  pm  and  finger  width  2.5  pm.  Material  dependent 
parameters  were  essentially  extracted  from  [13]. 

The  resulting  /  E-char acteristics  from  the  simulation  are 
presented  in  Fig.  7.  Scaling  is  done  to  give  the  drain  current 
in  microamperes  per  micrometer  channel  length.  The  drain 
current  for  the  simulated  transistor  is  higher  than  the  mea¬ 
sured  drain  current.  This  can  be  explained  by  series  resist¬ 
ance  at  the  source  and  drain  contacts  and  the  diode 
behaviour  of  the  drain  contact. 

The  PBT  is  one  of  the  most  simple  three  terminal  devices 
to  fabricate  on  6H-SiC.  With  proper  starting  material  only 
dry  etching  and  metallisation  has  to  be  used.  It  is  also  very 
simple  to  fabricate  transistors  with  different  threshold  volt¬ 
ages  in  the  same  process  since  the  threshold  voltage,  for 


Fig.  7.  Simulated  JK-characteristics  for  the  same  transistor  as  in  Fig.  6. 


transistors  with  the  same  doping,  is  only  controlled  by  the 
finger  width. 


5.  Conclusions 

We  have  fabricated  PBTs  on  6H-SiC  using  Ti  as  eontaet 
metal.  The  transistors  show  the  expected  behaviour.  The 
transistors  are  able  to  handle  high  voltages  without  any 
sidewall  passivation.  This  is  very  promising  for  further 
development  of  SiC  permeable  base  transistors. 

The  material  properties  of  SiC  makes  it  suitable  for 
obtaining  a  PBT  with  high  fj-.  We  have  also  theoretieally 
showed  that  cut  off  frequencies  in  the  range  of  500  GHz 
could  be  achieved  with  the  proper  material  and  an  opti¬ 
mised  process. 
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Abstract 

This  study  focuses  on  the  impact  of  the  emitters  on  the  forward  voltage 
drop  (which  affects  the  heat  generation)  in  Si  and  6H-SiC  PIN  5  kV  diodes. 
The  influence  of  the  Shockley-Read-Hall  (SRH)  lifetime  on  the  forward 
voltage  drop  was  investigated.  It  was  found  that  the  forward  voltage  drop 
of  the  5  kV  Si  diode  depends  much  stronger  on  the  SRH  lifetime  than  the 
5kV  SiC  diode.  The  influence  of  minority  carrier  transport  in  the  highly 
doped  emitters  on  the  forward  voltage  drop  in  5  kV  Si  and  SiC  PIN  diodes 
was  quantified.  Additionally,  two-dimensional  simulations  of  a  mesa-etched 
5kV  PIN  diode  in  6H-SiC  show  a  large  impact  of  anisotropy  on  the 
forward  voltage  drop  at  high  current  densities.  These  simulations  indicate 
that  large  advantages  with  respect  to  forward  voltage  drop  could  be 
achieved  in  mesaetched  5  kV  SiC  PIN  diodes  by  choosing  the  substrate  in  a 
direction  parallel  to  the  c-axis.  This  result  is  interesting  since  most  sub¬ 
strates  commercially  available  today  have  the  polished  surface  perpendicu¬ 
lar  to  the  c-axis. 


The  present  study  focuses  on  the  impact  of  the  emitters  on 
the  forward  voltage  drop  (which  affects  the  heat  generation) 
in  Si  and  6H-SiC  PIN  5kV  diodes.  Figure  1  shows  the 
structure,  which  has  been  used  in  the  one-dimensional  simu¬ 
lations.  The  emitter  doping  profiles  were  chosen  as  nearly 
abrupt.  denotes  the  width  of  the  lowly  doped  middle 

region,  and  W^p  the  depth  of  the  n"^  and  p"^  emitters 

respectively.  The  emitter  doping  concentrations  are  labelled 
Np„  (n-side)  and  N^p  (p-side).  Finally,  a  demonstration  of  the 
impact  of  anisotropy  in  mobilities,  dielectric  constant  and 
ionization  coefficients  on  the  forward  voltage  drop  of 
6H-SiC  bipolar  devices  is  presented;  2D  simulations  of 
mesa-etched  5kV  PIN-diodes  with  two  different  crystal 
orientations  have  been  chosen  for  this  illustration.  This 
structure  is  shown  in  Fig.  2. 


1.  Introduction 

Heat  generation  in  power  devices  is  responsible  for  a  sub¬ 
stantial  amount  of  the  cost  for  power  electronic  systems. 
Therefore  it  is  of  great  interest  to  the  power  industry  to  try 
to  reduce  the  dissipation  of  heat  in  power  devices  under 
static  and  dynamic  conditions.  The  PIN  diode  represents 
the  fundamental  structure  for  several  power  devices  under 
forward  conduction.  Recombination  at  high  current  den¬ 
sities  will  predominate  in  the  highly  doped  n'^  and  p'^  emit¬ 
ters  and  will  influence  the  injection  level  of  the  electron-hole 
plasma  in  the  n-base,  which  affects  the  forward  voltage  drop 
in  a  Si  PIN-diode  [1-4].  The  heat  generation  in  a  Si  diode 
will  thus  strongly  depend  on  the  properties  of  the  emitters. 
The  progress  of  numerical  simulation  of  semiconductor 
devices  during  the  last  years  has  made  it  possible  to  study 
much  more  in  detail  the  influence  of  a  variety  of  physical 
models  on  device  performance. 

In  the  field  of  power  electronics  silicon  carbide  (SiC)  is 
attracting  a  lot  of  attention.  This  is  because  of  its  high  criti¬ 
cal  electric  field,  large  bandgap  and  high  thermal  conduc¬ 
tivity.  A  lot  of  the  present  research  in  the  area  focuses  on 
growth  and  characterization  of  this  material.  However,  it  is 
of  great  interest  to  explore  the  characteristics  that  can  be 
expected  for  future  SiC  devices.  From  general  consider¬ 
ations,  equations  for  anisotropic  properties  of  semicon¬ 
ductors  such  as  SiC  have  been  derived  [5].  These  equations 
have  also  been  implemented  in  a  simulation  code  [6],  which 
enables  us  to  investigate  the  impact  to  anisotropy  in  SiC 
power  devices.  Experimetal  work  [7-9]  has  made  it  possible 
to  calibrate  some  of  the  physical  models  to  measurements. 


2.  Theory 

2.1.  Recombination  in  PIN  diodes 

The  influence  of  the  emitter  properties  on  the  forward 
voltage  drop  (and  adherent  heat  generation)  in  a  PIN-diode 
is  partly  caused  by  the  injection  of  minority  carriers  into  the 
emitters.  A  high  injection  of  minority  carriers  into  the  emit¬ 
ters  affects  the  injection  level  of  the  electron-hole  plasma  in 
the  lowly  doped  middle  region,  which  will  influence  the 
forward  voltage  drop.  The  minority  carrier  current  injected 
into  an  n'*'  emitter  can  be  written  as, 
rw 

Jp  =  -^bulk  +  Jsurf  =  3  I  u  dx  +  qSpip,  -  p,o)  (1) 


Fig.  1.  PIN-diode  in  ID. 
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Fig.  2.  Mesa-etched  PIN-diode  for  demonstration  of  anisotropy. 


where  and  J^^rf  are  the  contributions  to  the  minority 
current  from  carriers  recombining  in  the  emitter  bulk  and  at 
the  surface,  i.e.  at  the  emitter  contact,  respectively.  W 
denotes  the  emitter  depth  (including  the  space-charge 
region),  U  the  recombination  rate  of  electron-hole  pairs,  Sp 
the  surface  recombination  velocity  at  the  emitter  contact,  p, 
the  hole  concentration  at  the  emitter  contact  and  p^o  the 
hole  concentration  at  the  emitter  contact  in  thermal  equi¬ 
librium. 

Two  types  of  emitters  can  be  classified  [10]  with  the  help 
of  the  transparency  factor, 

a.  =  JfiW)/J,{0)  (2) 

where  W  was  defined  to  denote  the  location  of  the  emitter 
contact  and  0  the  emitter  edge  of  the  space-charge  layer  in 
the  quasi-neutral  part  of  a  diffused  emitter.  It  demonstrates 
the  fraction  of  carriers  recombining  at  the  emitter  contact  as 
opposed  to  those  recombining  in  the  emitter  bulk.  For 
opaque  emitters,  almost  none  of  the  minority  carriers  that 
are  injected  into  the  emitter  will  reach  the  emitter  contact 
and  a,  «  0.  By  contrast,  for  transparent  emitters  nearly  all 
minority  carriers  that  are  injected  into  the  emitter  reach  the 
emitter  contact  and  a,  a  1.  Because  of  this  there  is  a  large 
difference  in  the  influence  of  the  surface  recombination 
velocity  at  the  emitter  contact  for  the  two  emitter  types. 

2.2.  Physical  models  for  simulation 

In  this  study  all  simulations  were  done  with  the  simulation 
program  MEDICI  [11],  currently  under  development  to 
account  also  for  anisotropic  properties  in  semiconductors. 

In  the  present  study,  simulations  have  been  done  within 
the  drift-diffusion  approximation  with  a  constant  tem¬ 
perature  (thus  excluding  the  heat  conduction  equation). 
Consequently,  the  set  of  equations  used  is  Poisson’s  equa¬ 
tion  and  the  continuity  equations  for  electrons  and  holes. 
For  6H-SiC,  the  dielectric  constant  and  low-field  mobility 
are  diagonal  tensors  of  rank  2  with  two  elements  equal,  dif¬ 
ferent  from  the  third  [5].  The  following  physical  models 
were  used  for  the  Si  simulations:  Dorkel-Leturq  mobility 
model  [12],  SRH  recombination  with  doping  dependent 
lifetimes  [13],  Auger  recombination  with  constant  Auger 
coefficients,  (using  the  Dziewor-Schmid  values  C„  =  2.8  • 
10“^\  Cp=1.0-10“^^  [14])  band  gap  narrowing  [15] 
and  Fermi-Dirac  statistics. 


For  the  6H-SiC  simulations  mobility  was  modelled 
according  to  [9].  At  300  K  the  anisotropy  takes  the  values, 

Pn.j.  =  Pn  Pp.±  =  Pp  (3a) 

Pn.  II  =  pJ^-914  ^p,  II  =  /Ip  (3b) 

where  ||  denotes  a  direction  parallel  to  the  c-axis  and  1  a 
direction  perpendicular  to  the  c-axis.  Incomplete  ionization 
of  donors  and  acceptors  has  been  accounted  for.  Doping 
with  nitrogen  leads  to  a  donor  which  has  three  different 
energy  levels  below  the  conduction  band.  The  ionization 
energies  are  [17] 

—  ^di  =  81  meV,  —  Ei2  =  137.6meV, 

£,-£d3  =  142.4  meV  (4) 

In  actual  simulations  and  if  one  is  not  concerned  with  the 
dynamic  effects  of  incomplete  ionization,  it  can  be  demon¬ 
strated  that  these  three  energy  levels  to  a  very  good  approx¬ 
imation  can  be  lumped  together  and  replaced  by  a  single 
level  at 

£,-£3  =  100meV  (g^  =  l)  (5) 

Doping  with  A1  leads  to  one  acceptor  level  at  [18] 

£,-£,  =  200  me  V  (g,  =  4)  (6) 

No  Auger  coefficients  are  available  for  any  polytype  of  SiC. 
A  very  crude  order  of  magnitude  choice  would  be  to  use  the 
Dziewor-Schmid  values  for  Si  (C„  =  2.8  •  10“^^,  Cp  =  1.0  • 
10~^\  [14]).  Impact  ionization  coefficients  were  modelled 


as 

an.p  =  «n.pexp(-h„,p/^j)  C^) 

where  £j  is  the  projection  of  the  electric  field  in  the  direction 
of  current.  From  references  [7]  and  [8]  we  have 

“n.  II  = «p,  II  =  Kp  (8a) 

an.i  =  ap/3-5  ap,i  =  ap  (8b) 

At  300  K  these  parameters  take  the  values  (as  can  be 
deduced  from  [7]): 

a„  =  4.95  •  10®cm-i  Up  =  2.16  •  lO^cm-^  (9a) 

=  2.58  '  10''  V/cm  =  1.90  •  10’  V/cm  (9b) 


The  components  of  the  low  frequency  dielectric  constant 
have  the  values  [19]  =  9.66  and  ey  =  10.03.  Finally,  the 

bandgap  for  6H-SiC  at  T  =  300  K  is  2.95  eV  [20],  whereas 
the  effective  masses  have  been  set  equal  to  the  free  electron 
mass.  This  is  generally  of  minor  importance,  but  reflects  the 
fact  that  published  values  of  the  effective  masses  differ  sub¬ 
stantially. 

3.  Method  of  comparing  PIN-diodes  in  Si  and  SiC 

Comparison  of  the  heat  generated  in  PIN-diodes  in  Si  and 
SiC  under  forward  conduction  has  been  made.  In  order  to 
compute  the  total  heat  generated  by  these  diodes  for  a  spe¬ 
cific  application  it  would  be  necessary  to  take  into  account 
both  static  and  dynamic  losses  for  that  specific  circuit  and 
driving  conditions.  Here,  however,  only  the  differences 
during  forward  conduction  are  demonstrated.  The  criteria 
for  comparing  the  two  PIN-diodes  in  Si  and  SiC  was  to 
design  them  for  the  same  reverse  blocking  capability.  Non 
punch-through  designs  for  5  kV  were  chosen. 
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4.  Results  and  discussion 

Simulations  of  the  structure  in  Fig.  1  in  the  reverse  direction 
with  a  breakdown  voltage  of  5  kV  yielded  a  doping  concen¬ 
tration  in  the  middle  layer  of  =  2  •  lO^^crn"^  for  the  Si 
case;  this  gives  a  width  of  =  572  pm  of  the  lowly  doped 
middle  region  for  a  non  punch-through  design.  The  corre¬ 
sponding  values  for  the  SiC  diode  were  found  to  be  = 
3.5  •  lO^^cm”^  with  =  40pm  (electric  field  parallel  to 
c-axis)  and  iV<j  =  2.6  •  10^^  cm“^  with  W  =  45  pm  (electric 
field  perpendicular  to  c-axis).  Figure  3  shows  how  the 
forward  voltage  drop  varies  with  high  injection  SRH  life¬ 
time  (t^  -I-  Tp),  obtained  by  numerical  simulation  for  the  Si 
diode  and  the  6F[-SiC  diode  (with  electric  field  along  the 
c-axis)  for  two  different  current  densities.  Emitter  doping 
concentrations  =  5  •  10^®cm“^  and  emitter  depths 

ep  =  10  pm  were  chosen  for  this  simulation.  The  two 
diodes  show  quite  different  behaviour.  The  forward  voltage 
drop  of  the  Si  diode  depends  much  stronger  on  SRH  life¬ 
time  than  the  SiC  diode.  If  we  consider  a  current  density  of 
lOOA/cm^  (a  typical  operating  condition),  we  note  that  up 
to  approximately  4ps  the  SiC  diode  shows  the  lowest 
forward  voltage  drop.  This  is  because  of  a  much  smaller 
voltage  drop  over  the  middle  region  in  the  SiC  diode  com¬ 
pared  to  Si.  On  the  other  hand,  for  lifetimes  greater  than 
approximately  4  ps  the  Si  diode  will  have  the  lowest  forward 
voltage  drop.  This  seems  reasonable  since  the  total  voltage 
drop  over  the  emitters  in  the  Si  diode  is  smaller  than  in  the 
SiC  diode  due  to  a  smaller  built-in  potential  of  the  Si 
emitter  junctions  (because  of  the  bandgap  difference).  Thus, 
when  the  voltage  drop  over  the  middle  region  in  the  Si 
diode  is  small  enough,  the  forward  voltage  of  the  Si  diode 
will  be  the  lowest.  Increasing  the  current  enhances  the 
importance  of  the  middle  region.  As  can  be  seen  in  Fig.  3, 
for  a  current  density  of  1000  A/cm^  the  forward  voltage 
drop  of  the  SiC  diode  is  lower  than  the  of  Si  for  lifetimes 
shorter  than  approximately  60  ps.  SRH  lifetime  will  be  a 
much  less  critical  parameter  for  the  forward  voltage  drop  of 
the  SiC  diode  than  its  Si  counterpart;  this  means  that  it  is 
possible  to  design  a  5kV  SiC  diode  for  high  switching  fre¬ 
quencies  and  still  keep  a  reasonably  low  forward  voltage 
drop.  By  contrast,  for  high  lifetimes  (i.e.  low  frequency 
applications)  the  Si  diode  offers  the  lowest  forward  voltage 
drop.  In  order  to  compare  the  total  heat  generated  by  the 
diodes  for  a  certain  frequency  it  is  necessary  to  take  into 
account  the  dynamic  losses. 


Fig.  3.  Forward  voltage  drop  versus  high  injection  SRH  lifetime  (t„  +  tp). 
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Emitter  doping  concentration  and  depth  of  the  emitters 
were  varied  in  order  to  investigate  what  effect  the  minority 
carrier  transport  in  the  highly  doped  emitters  has  on  the 
conductivity  modulation  and  the  resulting  forward  voltage 
drop  of  the  diodes;  the  SRH  lifetime  was  set  to  4,4  ps,  which 
corresponds  to  a  high  frequency  Si  diode.  With  this  lifetime 
the  two  diodes  will  have  the  same  forward  voltage  drop  at 
lOOA/cm^  for  the  chosen  emitters,  and  both  are  designed 
for  5kV.  Figure  4  shows  the  results  of  varying  the  n"^ 
emitter  for  the  Si  and  SiC  diodes  at  a  current  density  of 
lOOA/cm^.  The  simulations  were  done  for  two  surface 
recombination  velocities  for  the  minority  carriers  at  the 
emitter  contact;  s  =  oo  corresponds  to  a  metal  contact  and 
s  =  10^  cm/s  is  a  possible  value  for  a  poly-Si  emitter  [16]. 
The  influence  of  the  emitter  parameters  is  much  stronger  for 
the  Si  diode.  This  agrees  well  with  the  conclusion  above, 
that  the  voltage  drop  over  the  middle  region  in  the  SiC 
diode  will  be  smaller  than  for  the  Si  diode  for  a  lifetime  of 
4,4  ps.  An  emitter  with  Sp  =  10^  cm/s  is  always  better  or 
equally  good  as  the  emitter  with  Sp  =  oo.  For  Si  emitters 
with  an  infinite  surface  recombination  velocity  a  high 
emitter  doping  and  depth  is  required  to  minimize  the  minor¬ 
ity  carrier  current.  A  Si  emitter  with  Sp  =  10^  cm/s  should  be 
as  thin  as  possible  and  lightly  doped;  Fig.  4(a)  suggests  a 
doping  of  about  5‘lO^^cm"^  for  the  studied  Si  diode. 
These  principles  agree  well  with  results  presented  by  del 


> 


Fig.  4.  Dependence  of  forward  voltage  drop  on  emitter  doping  concentra¬ 
tion  and  emitter  depth  for  the  n"^  emitter.  The  lower  curve  planes  are  for 
s  =  10^  cm/s  and  the  upper  for  s  =  oocm/s;  (a)  5kV  Si  PIN  diode,  (b)  5kV 
SiC  diode.  Note  the  different  scaling  of  the  z-axes. 
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Alamo  [10]  for  diffused  emitters.  For  the  SiC  emitter  [Fig.  Figure  5  shows  the  results  of  2D  simulations  of  a  mesa- 
4(b)]  the  same  dependencies  are  observed  although  much  etched  6H-SiC  diode  (defined  in  Fig.  2)  for  two  c-axis  orien- 
weaker.  This  tells  us  that  the  influence  of  the  emitter  doping,  tations.  Both  diodes  were  designed  for  5  kV  through  ID 
emitter  depth  and  surface  recombination  velocity  on  the  simulations  in  the  reverse  direction.  In  Figs  5(a)  and  (5b)  we 
conductivity  modulation  in  the  investigated  5kV  6H-SiC  note  the  large  difference  in  the  shape  of  the  electron-hole 
diode  is  more  or  less  negligible  with  respect  to  forward  plasma  for  the  two  crystal  orientations.  For  case  1  (see  Fig. 
voltage  drop.  2),  a  lot  of  carriers  are  injected  along  the  right  part  of  the  p^ 


0.0  5.0  10.0 

(c)  V  (Volts) 


Fig.  5.  Two  5 kV  SiC  PIN  diodes  with  different  c-axis  orientation;  (a)  Case  1  in  Fig.  2.  (b)  Case  2  in  Fig.  2.  (c)  IF-characteristics  for  the  different  orien¬ 
tations. 


Physica  Scripta  T54 


64  0.  Tornblad,  B.  Breitholtz,  M.  Ostling  and  U.  Lindefelt 


emitter  contact.  For  case  2,  almost  all  injected  carriers  are 
confined  to  the  left  part  of  the  middle  region.  In  Fig.  5(c)  the 
resulting  IV-characteristics  are  shown,  suggesting  that  case 
2  would  be  advantageous  for  low  heat  generation  during 
forward  conduction.  This  result  is  interesting  for  the  fabrica¬ 
tion  of  vertical  bipolar  power  devices,  since  most  6H-SiC 
substrates  available  today  are  delivered  with  the  c-axis  per¬ 
pendicular  to  the  polished  surface. 

Conclusions 

The  impact  of  minority  carrier  transport  in  the  highly 
doped  emitters  on  the  forward  voltage  drop  (i.e.  heat 
generation)  in  5  kV  PIN  diodes  in  Si  and  SiC  under  forward 
conduction  was  quantified.  The  importance  of  conductivity 
modulation  is  much  less  pronounced  in  a  5kV  SiC  PIN 
diode  compared  to  the  Si  case.  The  forward  voltage  drop  in 
the  5kV  SiC  diode  is  therefore  less  dependent  on  lifetime 
and  also  on  current  than  its  Si  counterpart.  Consequently, 
5kV  PIN-diodes  in  SiC  will  be  a  good  choice  for  high  cur¬ 
rents  and  switching  frequencies,  whereas  5  kV  PIN-diodes  in 
Si  still  offer  the  lowest  forward  voltage  drop  for  low  fre¬ 
quency  applications. 

2D  simulations  of  a  mesa-etched  5kV  PIN  diode  in 
6H-SiC  show  a  large  impact  of  anisotropy  on  the  forward 
voltage  drop  at  high  current  densities.  These  simulations 
indicate  that  large  advantages  with  respect  to  forward 
voltage  drop  could  be  achieved  in  mesa-etched  5  kV  SiC  PIN 
diodes  by  choosing  the  substrate  in  a  direction  parallel  to 
the  c-axis.  This  result  is  interesting  since  most  substrates 
commercially  available  today  have  the  polished  surface  per¬ 
pendicular  to  the  c-axis. 
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Abstract 

Low  reverse  leakage  silicon  carbide  pin  rectifier  diodes  with  a  breakdown 
voltage  reaching  llOOV  are  experimentally  shown  to  have  acceptably  low 
forward  voltage  drops,  dominated  by  the  built-in  voltage.  Numerical  simu¬ 
lations  of  the  experimental  structure,  using  a  measured  carrier  lifetime  of 
25  ns,  validate  the  existence  of  a  conductive  plasma  in  the  lowly  doped  base 
layer,  despite  a  poor  injection  efficiency,  related  to  the  incomplete  ioniza¬ 
tion  of  the  aluminium  acceptor.  Simulation  also  indicates  the  need  for  a 
lifetime  of  ~  100  ns  in  a  3.0  kV  device. 


1.  Introduction 

Silicon  carbide  (SiC)  has  been  identified  as  a  near-ideal 
semiconductor  for  power  devices,  owing  mainly  to  its  dielec¬ 
tric  strength,  thermal  conductivity  and  band-gap  [1].  The 
dielectric  strength  is  extraordinary:  at  3  MV/cm,  the  critical 
field  acceptable  before  avalanche  breakdown  is  ten  times 
higher  than  in  silicon.  This  allows  a  layer  that  blocks  a 
certain  voltage  to  be  ten  times  thinner  than  in  silicon,  lower¬ 
ing  the  forward  voltage  drop.  The  thermal  conductivity  is 
about  three  times  that  of  silicon :  at  5  W/Kcm,  it  is  similar  to 
that  of  copper.  The  band-gap,  lastly,  is  wide,  ranging  from 
2.4  to  3.2  eV  depending  on  the  sort,  or  polytype,  of  silicon 
carbide.  In  the  case  of  6H  SiC,  the  polytype  of  SiC  used  in 
this  study,  the  band-gap  is  3.0  eV,  in  principle  permitting 
temperatures  above  1000  °C  in  typical  power  devices. 

Additional  merits  of  SiC  for  power  devices  are  the  chemi¬ 
cal  inertness  and  mechanical  robustness,  which  may  facili¬ 
tate  packaging,  and  the  radiation  hardness. 

While  majority  carrier  devices  such  as  Schottky  diodes 
can  be  employed  at  fairly  high  voltages,  in  theory  as  high  as 
5kV  at  room  temperature  [2],  pin-structures  that  rely  on 
double  injection  and  conductivity  modulation  are  necessary 
for  achieving  low  conduction  losses  in  high-voltage  device 
designs  operating  at  higher  current  densities  and  at  higher 
temperatures  [3].  This  poses  requirements  on  minority 
carrier  lifetimes,  emitter  efficiencies  and  other  properties 
that  are  little  explored  in  SiC.  The  aim  of  the  present  work 
is  to  investigate  experimentally  and  by  means  of  simulation 
the  attainability  of  conductivity  modulation  in  SiC  pin 
diodes,  and  thus  their  feasibility  for  high-voltage  rectifica¬ 
tion  with  low  on-state  losses. 


2.  Device  fabrication 

Vertical  p'^n“n''‘  diodes  were  fabricated  using  commercial 
CVD-grown  epitaxial  SiC  of  the  6H  polytype.  The  material 
was  purchased  in  1"  wafers  from  Cree  Research  Inc  [4]. 


The  layer  structure  is  shown  in  Table  I,  where  the 
dopings  are  measured  by  a  capacitance-voltage  technique 
by  the  supplier. 

The  device  geometry,  a  straightforward  mesa  with  a 
somewhat  retracted  p-type  contact  on  top,  is  shown  sche¬ 
matically  in  Fig.  1.  The  diameter  of  the  mesas  are  50,  100 
and  200  pm  measured  at  the  top.  The  mesas  are  about 
1.2  pm  tall,  i.e.  the  p"^  layer  is  etched  through  with  a 
nominal  2000  A  margin.  Etching  is  done  with  RIE  using  a 
CF^/Ar/Hj  plasma  at  a  rate  of  l.Opm/h.  SEM  reveals  a  20° 
slope  of  the  sidewalls. 

The  p-type  contact  consists  of  a  sandwich  of  AlTi  plus 
TiWAu  deposited  after  a  300  s  anneal  at  950  °C  in  an  RTA 
system.  The  n-contact  consists  of  a  NiTiPtAu,  deposited 
over  the  entire  back  side.  Before  the  deposition  of  the  bot¬ 
tommost  contact  layer,  a  short  in-situ  Ar  sputter  is  used  to 
clean  the  SiC  surface. 

3.  Results 

p-type  contact  resistivity  was  measured  with  the  transmis¬ 
sion  line  method  (TLM)  to  reach  a  low  2  x  10“®ohmcm^. 
n-type  contact  resistivity  was  not  measured  since  the  large 
size  of  this  contact  makes  resistivity  non-critical  to  our 
devices. 


Table  I.  Wafer  layer  structure 


Purpose 

Thickness  (pm) 

Doping  (cm"^) 

contact  layer 

1 

1.1E18 

n”  base  layer 

9 

7.9E15 

n*  buffer  layer 

0.5 

>1E19 

substrate 

300 

2E18 

p-type  contact 


Fig.  1.  Cross-sectional  schematic  view  of  a  device. 


Physica  Scripta  T54 


66  L.  P.  Ramberg,  S.  Savage,  V.  Gustafsson  and  A.  Schoner 


s 

I 


fi 

a 

S 

u 

9 

o 


Forward  voltage  Vp  (V) 

Fig.  2.  Current  density  us.  forward  voltage  measured  at  three  different  tem¬ 
peratures,  and  the  simulated  characteristic  for  room  temperature. 


The  highest  breakdown  voltage  observed  was  K,r  = 
llOOV,  with  a  full  60%  of  the  200  gm  diameter  devices 
being  able  to  sustain  1000  V.  While  this  is  lower  than  the 
highest  value  reported  [5],  =  2200  V,  it  is  a  high  fraction 

of  the  calculated  bulk  breakdown  voltage  in  the  absence  of 
edge  effects,  Kr  =  1700  V.  Measured  in  an  SFg  gas  ambient, 
breakdown  luminescence  is  clearly  observed  from  bright 
spots  around  the  perifery  of  the  device,  indicating  current 
filamentation.  About  1  mA  of  avalanche  current  could  be 
passed  through  a  200  pm  device,  before  destructive  flash- 
overs  occur.  Flashovers  in  the  surrounding  media  cause  sig¬ 
nificant  problems  when  characterizing  high-voltage  SiC 
devices.  SFg  was  found  to  a  better  ambient  in  this  respect 
than  fluids  such  as  Fluorinert  FC-70  [6]  and  oils  used  for 
isolating  transformers  and  capacitors. 

The  reverse  leakage  current  is  very  low,  and  indeed  too 
low  to  be  easily  measured :  up  to  the  breakdown  voltage  the 
reverse  leakage  current  is  less  than  the  measurement  limit  of 
1  pA  at  all  temperatures  tried,  i.e.  up  to  200  °C,  and  it  is  also 
less  than  the  corresponding  limit  of  lOnA  up  to  100  V  over 
the  same  temperature  range. 

The  forward  current-voltage  (I-V)  characteristics  are 
shown  in  Fig.  2.  As  can  be  seen,  the  voltage  drop  is  as  low 
as  3.0V  at  300Acm“^;  higher  current  density  cannot  be 
reached  in  these  200  pm  diameter  diodes,  as  the  current  is 
maximized  to  100  mA  by  the  instrumentation.  At  low 
current  densities,  a  moderate  excess  recombination  is 
observed. 


4.  Comparison  with  simulation 

The  minority  carrier  lifetime  was  derived  from  measure¬ 
ments  of  the  decline  in  electroluminescence  when  abruptly 
decreasing  the  forward  current,  and  found  to  be  25  ns  at 
room  temperature;  no  great  variation  with  the  injection 
level  was  observed.  This  value  was  further  corroborated  by 
reverse  recovery  studies  that  yielded  lifetimes  in  the  range 
25-40  ns. 

Using  a  recently  developed  version  of  TMAs  Medici  [7] 
device  simulator  that  treats  anisotropic  materials  such  as 
6H  SiC  correctly,  we  have  simulated  the  forward  I-V  char¬ 
acteristics  of  the  experimental  structures.  As  seen  in  Fig.  2, 


the  use  of  25  ns  for  room  temperature  minority  carrier  life¬ 
time  yields  good  agreement  with  experimental  I-V  curves. 

The  excess  recombination  in  the  low  current  regime  is 
underestimated  by  the  simulator,  as  there  are  for  example 
no  interface  traps  specified.  The  simulator  overestimates  the 
effects  of  series  resistance  in  the  substrate,  since  the  actual 
current  spreading  is  larger  than  allowed  by  the  simulated 
geometry. 

Figure  3  shows  the  simulated  carrier  concentrations 
across  the  pin  diode  structure  at  room  temperature  and 
500  A  cm using  the  measured  carrier  lifetime.  For  the 
case  “1”,  it  can  be  seen  that  the  carrier  concentration  in  the 
lowly  doped  n“  base  is  three  times  the  doping  level.  There  is 
thus  an  injected  plasma  and  a  significantly  improved  con¬ 
ductivity.  It  is  interesting  to  note  that  this  injection  level  is 
reached  in  spite  of  the  very  low  efficiency  of  the  p^  emitter 
(y  =  0.4).  This  low  value  is  partly  caused  by  the  low  activa¬ 
tion  of  the  p-type  dopant,  aluminium,  that  has  an  activation 
energy  as  high  as  220 mV;  if  the  emitter  efficiency  is  calcu¬ 
lated  while  neglecting  the  incomplete  ionization  of  the 
acceptor,  the  value  becomes  y  =  0.6.  Although  this  is  also  a 
low  value,  the  injected  carrier  concentration  becomes  as 
much  as  three  times  higher  than  when  the  incomplete  ion¬ 
ization  is  properly  accounted  for  (see  Fig.  3). 

Too  short  carrier  lifetime  in  the  base  layer  cause  unac¬ 
ceptably  high  voltage  drops  in  pin  diodes.  While  25  ns  was 
found  to  be  a  sufficient  lifetime  for  the  above  device,  which 
has  a  calculated  bulk  breakdown  voltage  of  1700  V,  the 
question  arises  about  the  shortest  lifetime  necessary  to 
avoid  high  voltage  drop  for  this  and  higher  voltage  designs. 
To  find  out,  a  set  of  simulations  were  carried  out  for  diodes 
with  calculated  bulk  breakdown  voltages  of  1.7  kV,  3.6  kV 
and  5.4  kV.  The  1.7  kV  diode  has  a  layer  structure  identical 
to  the  experimental  diode.  The  3.6  kV  diode  has  a  1  pm  p"'" 
layer  doped  to  1  x  10‘®cm“^  on  top  of  a  20  pm  n”  layer 
doped  to  5  X  10‘^cm"^  while  the  5.4  kV  diode  has  a  1pm 
p"^  layer  doped  to  1  x  lO^^cm"^  on  top  of  a  30pm  n" 
layer  doped  to  2  x  lO^^cm”^.  In  both  structures,  there  is  a 
0.5  pm  n’*^"'"  buffer  layer  included  between  the  n~  base  and 
the  n'''  substrate,  similar  to  the  experimental  case. 

In  Fig.  4,  the  forward  voltage  drop  at  a  current  density  of 
500  A  cm^  is  plotted  as  a  function  of  minority  carrier  life- 


Fig.  3.  Simulated  electron  and  hole  concentration  for  the  experimentally 
studied  structure  at  room  temperature  and  500  A  cm  The  curves  labelled 
“1”  are  calculated  while  including  an  incomplete  ionization  term  in  the 
simulation;  the  curves  “2”  are  calculated  neglecting  this  effect. 
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Fig.  4.  Forward  voltage  drop  FVD  as  a  ftmction  of  carrier  lifetime  in  the 
base  for  pin-diodes  with  different  bulk  breakdown  voltages,  (A)  1700  V,  (B) 
3600  V,  (C)  5400  V. 

time.  As  can  be  seen,  the  carrier  lifetime  in  our  present 
diodes  should  not  be  substantially  lower  than  the  actual 
25  ns,  or  a  forward  voltage  drop  penalty  results.  The  3.6  kV 
design,  which  in  practical  terms  can  be  regarded  as  a  3.0  kV 
design,  assuming  reasonably  good  junction  termination, 
requires  a  lifetime  of  about  100  ns  to  avoid  an  excessive 
voltage  drop.  Correspondingly,  the  5.4  kV  bulk  breakdown 
design  -  aimed  as  a  4.5  kV  device  -  requires  close  to  200  ns 
lifetime  to  reach  an  acceptable  voltage  drop.  When  evalu¬ 
ating  the  viability  of  high-voltage  SiC  pin-diodes,  these 
figures  should  be  compared  with  the  longest  lifetime  re¬ 
ported  to  date  (to  the  authors’  knowledge)  200  ns  [8]. 

5.  Conclusions 

We  conclude  that  silicon  carbide  pin  rectifiers  can  have  low 
forward  voltage  drops  even  when  designed  for  blocking 


voltages  of  several  kilovolts,  owing  to  the  conductivity 
modulation  caused  by  injected  carriers.  The  carrier  lifetimes 
required  are  not  overly  large,  and  should  be  attainable,  con¬ 
sidering  the  advancement  of  SiC  epitaxy;  currently,  lifetimes 
attained  suffice  for  3-4  kV  diodes. 

In  modelling  the  properties  of  SiC  bipolar  devices,  we 
conclude  that  the  incomplete  ionization  must  be  accounted 
for,  or  the  emitter  efficiency  of  p-type  emitters  will  be 
heavily  overestimated. 

Finally,  regarding  the  measurement  of  the  breakdown 
properties  of  unpassivated  SiC  devices  that  sustain  more 
than  600  V,  which  is  difficult  due  to  destructive  flashovers  in 
the  surrounding  media,  we  conclude  that  gaseous  SFg  offers 
a  more  useful  ambient  than  any  liquid  tried. 
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Abstract 

Single  element  Ni  and  Cr  metallizations  to  low  doped  n-  and  p-Inl  nave 
been  investigated  to  clarify  how  they  affect  electrical  performance  of 
advanced  multilayer  metallizations  for  ohmic  contact  and  Schottky  diode 
applications.  It  was  found  that  the  Ni  and  Cr  contacts  to  n-InP  show 
unstable  ohmic  behaviour  at  all  annealing  temperatures  (300-500  °C),  and 
that  Ni  and  Cr  metallizations  to  p-InP  show  diode  behaviour.  The  electri¬ 
cal  behaviour  of  the  contacts  were  compared  to  phase  formation  paths  of 
Ni-In-P  and  Cr-In-P  ternary  systems.  From  this  it  was  found  that  amorp¬ 
hous  ternary  phases  form  first  by  interdiffusion  of  Cr  and  Ni  into  the  InP 
crystal.  Subsequently,  at  higher  annealing  temperatures,  crystallization  and 
eventually  phase  separation  determines  the  electrical  properties  of  the  con¬ 
tacts.  After  annealing  at  500  °C  the  Cr  diodes  to  p-InP  are  almost  ideal,  as 
deduced  from  barrier  height  measurements  using  a  combination  of  l-V  and 
C-V  methods.  This  indicates  that  the  metallization  forms  a  two-layer  struc¬ 
ture  with  Cr-P  phases  lying  above  pure  In.  The  Ni  diodes  to  p-InP 
annealed  at  500  °C,  on  the  other  hand,  are  not  ideal,  indicating  that  Ni-In 
and  Ni-(In)-P  phases  in  parallel  are  determining  the  electrical  properties  of 
the  diode. 


1.  Introduction 

Ni  and  Cr  are  commonly  used  in  multilayer  metallizations 
to  III-V  semiconductors,  a  classical  example  being  the 
AuGeNi  ohmic  contact  metallization  to  n-type  materials 
[1-3].  For  this  particular  application  it  is  found  that  the 
addition  of  Ni  is  beneficial  in  that  low  values  of  the  specific 
contact  resistance,  ,  result  over  a  broader  range  of  anneal¬ 
ing  temperatures  [1-3],  We  have  previously  published 
results  on  AuGeX  and  AuX  (X  =  Ni  or  Cr)  metallizations  to 
n-InP  [1,  4].  Briefly,  we  found  that  is  very  much  affected 
by  the  growth  of  Ni-P/Cr-P  phases  in  contact  with  the 
semiconductor  [1,  4].  In  this  paper  we  report  on  the  electri¬ 
cal  properties  of  annealed  Ni  and  Cr  metallizations  to  n- 
and  p-InP  to  further  identify  the  contact  mechanisms. 

2.  Experimental 

Ni  (100  nm)  and  Cr  (100  nm)  were  deposited  by  r.f.  sputter 
deposition  and  e-beam  evaporation  on  n-  and  p-Inp 
samples  (15  x  15mm^)  sliced  from  2-inch  wafers  that  had 
been  covered  with  SiOj  and  prepatterned  before  metal 
deposition  [1,  4].  N-type  InP  wafers  were  undoped  (iVj  = 
lO^^cm”^)  and  p-type  InP  wafers  were  Zn-doped  (N^  =  5 
X  10‘®cm“^).  AuGe  and  AuZn  alloys  were  used  on  the 
back  of  the  samples  to  form  ohmic  contacts  to  N-  and 
P-InP.  Annealing  was  performed  in  a  RC  24(X)  Polaron 
alloying  furnace  using  a  forming  gas  atmosphere  (cracked 


ammonia,  10%  H2  in  Nj).  The  annealing  time  was  2 
minutes  (heating  rate:  100°C/min). 

For  electrical  characterization  of  the  contacts  the  samples 
were  placed  on  an  heatable  aluminum  chuck  in  a  probing 
station.  Temperature  (T)  measurements  were  done  directly 
underneath  the  samples  by  mounting  a  standard  thermo¬ 
couple.  Electrical  characterization  included  1~V,  I-V-T  and 
C-V  measurements  for  the  contacts. 

3.  Results 

The  results  of  the  J-V  characterization  for  Ni-  and  Cr/p- 
InP  contacts  fabricated  on  the  same  samples  are  shown  in 
Fig.  1.  As  can  be  seen  from  this  figure,  diode  behaviour  is 
observed  for  all  the  annealing  temperatures  investigated. 
Also,  the  I-V  behaviour  as  a  function  of  annealing  tem¬ 
perature  is  the  same  when  comparing  Ni  and  Cr  diodes, 
apart  from  large  non-idealities  for  reverse  and  low  forward 
voltages  for  the  Ni  diodes.  The  as-deposited  diodes,  and 
diodes  annealed  at  300  °C  have  large  series  resistances  in 
comparison  with  contacts  annealed  above  300  °C,  implying 
that  the  metallization  resistance  changes.  Furthermore,  the 
current  through  both  the  Cr  and  the  Ni  diodes  are  limited 
solely  by  recombination.  The  diodes  again  improve  with 
respect  to  transport  properties  after  annealing  at  tem¬ 
peratures  above  300  °C.  At  500  °C  the  Cr  diodes  have  a  soft 
temperature  independent  breakdown  at  ~  —0.3  V. 

The  C-V  plots  for  the  Ni  and  Cr  diodes,  shown  in  Fig.  2, 
are  very  complex.  Only  for  annealing  temperatures  of 
500  °C  the  slope  of  the  lines  corresponds  to  the  back-ground 
doping  density  level  of  the  low  doped  p-InP.  For  annealing 
temperatures  below  500  °C  the  slope  of  the  lines  does  not 
correspond  to  the  background  doping  density  level;  the  as- 
deposited  diodes  and  the  diodes  annealed  at  300  °C  all  have 
non-linear  1/C^-V  characteristics.  Built-in  voltages,  kj,),  for 
the  diodes  are  measured  to  be  1.17  V  for  the  Ni  diodes  and 
0.79  eV  for  the  Cr  diodes  annealed  at  500  °C. 

For  Cr  diodes  annealed  at  500  °C,  the  ideality  factor  was 
found  to  be  1.1,  indicating  that  an  almost  ideal  diode  has 
formed  with  a  barrier  height  (assuming  thermionic  emission 
with  A*  =  60  A/cm^  [5])  of  0.9  eV.  This  value  is  in  good 
agreement  with  found  from  C-V  measurements  if  the 
potential  difference  between  the  Fermi  level  and  the  valence 
band  (~0.12eV)  is  added.  The  barrier  height  for  the  Ni 
diodes  annealed  at  5(X)  °C  is  difficult  to  extract  from  the  l-V 
plots  because  of  the  non-idealities.  Using  the  ideality  factor 
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Fig.  1.  I-V  plots  for  (a)  Cr/p-InP  and  (b)  Ni/p-InP  diodes  annealed  at  dif¬ 
ferent  temperatures:  solid  lines;  as-dep.,  dashed  lines;  300 °C,  dashed- 
dotted  lines:  400 ‘’C  and  dotted  lines;  500 °C. 

for  the  Cr  diodes  annealed  at  500  °C,  an  upper  limit  for  the 
barrier  height  was  calculated  by  simulation  to  be  1.06  eV. 
Thus,  there  is  a  significant  difference  in  the  values  of  the 
barrier  height  for  the  Ni  diodes  depending  on  the  character¬ 
ization  method  (/-F/C-F). 

For  Ni  and  Cr  metallizations  to  n-InP  (with  patterned 
Au/Cr  probing  pads)  ohmic  behaviour  was  observed  for 
annealing  temperatures  of  300  °C,  400  °C  and  500  °C. 
However,  the  stability  of  the  ohmic  contacts  was  poor,  with 
the  most  stable  contacts  being  annealed  at  400  °C.  For  as- 
deposited  contacts  we  found  that  the  Cr  contacts  showed 
diode  behaviour  with  a  barrier  height  of  0.5  eV,  while  the  Ni 
contacts  were  all  ohmic.  This  is  shown  in  Fig.  3,  where  a 
method  based  on  measurements  of  under  different 
ambient  temperatures  are  used  to  determine  the  effective 
Schottky  barrier  height  from  the  slope  of  the  line  in  a  semi- 
logarithmic  r^T  vs.  l/T  plot,  assuming  that  thermionic 
emission  is  limiting  the  current  flow  [1,  4].  From  Fig.  3,  it  is 
seen  that  the  change  from  diode  to  ohmic  behaviour  at 
400  °C  can  be  explained  by  a  lowering  of  the  effective 
Schottky  barrier  height  from  ~0.5eV  to  ~0.1  eV. 

For  Ni  based  contacts  the  interpretation  of  the  plots  is 
somewhat  more  difficult,  in  that  the  slope  in  the  semiloga- 
rithmic  r^T  vs.  l/T  plot  for  the  as-deposited  contacts  is 
negative  (Fig.  3).  Also,  after  annealing  at  400  °C,  two  slopes 


Fig.  2.  C-V  plots  for  (a)  Cr/p-InP  and  (b)  Ni/p-InP  diodes  annealed  at 
different  temperatures:  solid  lines;  as-dep.,  dashed  lines;  300 °C,  dashed- 
dotted  lines;  400 °C  and  dotted  lines;  500 °C. 

are  deduced  from  Fig.  3;  a  large  slope  at  temperatures 
slightly  above  room  temperature  and  a  smaller  slope  at 
higher  temperatures.  The  negative  slope  for  the  as-deposited 
contacts  does  not  correspond  to  a  negative  Schottky  barrier. 
Instead  the  current  flow  in  the  contacts  is  limited  by  drift 


Fig.  3.  Temperature  activation  plots  for  Cr/n-InP  ohmic  contacts  (solid 
lines)  and  Ni/n-Inp  ohmic  contacts  (dashed  lines). 
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and  diffusion  across  the  potential  difference  between  the 
Fermi  level  and  the  conduction  band  (£„)  established  in  a 
Schottky  contact  with  an  effective  barrier  height  close  to 
0  eV.  This  was  shown  also  to  be  the  case  for  both  AuNi  and 
AuGeNi  contacts  to  n-Inp  [1,  4], 

4.  Discussion 

The  results  for  the  Ni  and  Cr  metallizations  to  InP  agree 
with  our  previous  findings;  the  transition  metals  are  mainly 
responsible  for  the  observed  high/low  specific  contact  resist¬ 
ance  to  InP  depending  on  the  bulk  carrier  type  [1,  4],  For 
n-InP  they  form  current  paths  between  the  alloyed  metal¬ 
lization  and  the  bulk  by  lowering  the  effective  Schottky 
barrier  height.  For  p-InP  they  form  blocking  parts  in  the 
alloyed  diode,  so  that  barrier  lowering  phases  only  form  in 
relatively  small  amounts  [1,  4], 

The  major  problem  in  the  Cr  contact  experiments  has 
been  the  absence  of  an  element  for  In  incorporation  (e.g  Au, 
in  the  alloyed  Au-based  metallizations).  No  Cr-In  binary 
phase  can  exist,  but  Cr-P  phases  can  exist  in  thermody¬ 
namical  equilibrium  with  InP  and  In  [6].  We  believe,  from 
previous  findings  [1,  4]  and  work  done  by  Ivey  et  al.  on 
AuCr  contacts  to  InP  [6],  that  the  annealed  Cr/InP  con¬ 
tacts  form  a  two-layer  structure  at  their  end  point  of  reac¬ 
tion  (i.e.  500  °C)  with  Cr-P  lying  above  a  metallic  In  layer 
that  is  in  close  contact  with  the  Inp.  The  formation  of  a 
single  phase  towards  the  InP  is  supported  by  the  observa¬ 
tion  of  a  nearly  ideal  diode  structure  at  500  °C  annealing. 
The  temperature  independent  breakdown  at  reverse  volt¬ 
ages  can  be  explained  in  terms  of  regrown  heavily  doped 
InP  layers  forming  in  a  melting/regrowth  sequence  caused 
by  the  pure  In  (T^eit  =156  °C)  at  the  InP  surface. 

A  multiplicity  of  Ni-In  and  Ni-P  binary  phases  can  co¬ 
exist  in  thermodynamical  equilibrium  with  InP  [7]. 
However,  ternary  amorphous  and  crystalline  phases  are 
more  commonly  found  in  the  Ni-In-P  system  [8,  9].  The 
amorphous  ternary  phase  is  observed  for  mild  annealing 
conditions  (250°C/5min  [9],  250°C/15min  [8]);  we  believe 
that  this  amorphous  phase  is  responsible  for  the  observed 
electrical  properties  of  both  the  as-deposited  contacts  and 
the  contacts  annealed  at  300  °C.  The  as-deposited  contacts 
received  some  process  induced  postdeposition  annealing, 
below  200  °C),  which  induced  some  reaction  processes. 
During  annealing  Ni  and  Cr  (as  the  observed  electrical 
properties  are  identical  to  those  for  Ni)  are  believed  to 
diffuse  into  the  bulk  InP  compensating  shallow  donors  and 
initiating  the  amorphous  phase  formation  between  the  three 
constituents.  This  might  explain  the  anomalies  in  the  C-V 
plots  and  the  observed  high  series  resistances  as  amorphous 
phases  tend  to  have  a  higher  resistance  than  crystalline 
ones. 


After  annealing  at  400  °C  and  500  °C,  the  diode  character¬ 
istics  improved  and  the  ohmic  contacts  were  more  stable 
(400  °C).  Both  Sands  et  al.  and  Mohney  et  al.  have  estab¬ 
lished  that  the  thermodynamically  favored  end  point  in  the 
reaction  between  Ni  and  InP  is  a  ternary  monoclinic 
NijInP  phase  [8,  9].  We  believe  that  the  growth  of  this 
phase  determines  the  electrical  properties  of  the  Ni  contacts 
for  annealing  temperatures  above  300  °C  with  perhaps 
binary  phases  forming  in  small  amounts  at  400  °C.  Thus,  the 
difference  between  the  Cr  and  the  Ni  contacts  is  due  to  the 
ability  for  Ni  to  form  ternary  crystalline  phases,  while  for  Cr 
only  stable  Cr-P  phases  exist.  The  large  recombination  cur¬ 
rents  observed  for  the  Ni  diodes  are  probably  due  to  the 
poor  epitaxial  relationship  between  the  monoclinic  NijInP 
(a  =  0.6795  nm,  b  =  0.5269  nm,  c  =  0.6436  nm,  and 
p  =  94.73°  [9])  phase  and  the  InP.  During  annealing  at  tem¬ 
peratures  above  300  °C,  phosporous  loss  from  the  reacting 
region  of  the  contact  can  be  a  serious  problem,  but  we  have 
tried  to  minimize  these  losses  by  annealing  in  semiclosed 
systems  with  small  volumes. 


5.  Conclusion 

An  identical  behaviour  with  respect  to  the  electrical  proper¬ 
ties  have  been  demonstrated  for  Ni  and  Cr  metallizations  to 
n-  and  p-InP  for  annealing  temperatures  up  to  300  °C,  prob¬ 
ably  due  to  the  formation  of  amorphous  ternary  phases.  For 
annealing  temperatures  about  300  °C  thermodynamically 
favored  crystalline  ternary  phases  form  for  the  Ni  contacts, 
but  for  the  Cr  contacts  phase  separation  into  elemental  In 
and  Cr-P  stable  phases  occur.  For  Ni  contacts  this  makes 
large  recombination  currents  flow  in  the  contacts  because  of 
the  large  mismatch  in  lattice  parameters  between  Ni2lnP 
and  InP.  For  the  Cr  contacts,  with  In  in  close  contact  with 
InP  and  Cr-P  lying  above,  an  almost  ideal  contact  is 
formed. 
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Abstract 

A  closed  hydrodynamic  (HD)  approach  is  used  to  carry  out  a  com¬ 
prehensive  spatial  analysis  of  the  dynamic  features  of  submicron 
InP  diode  both  in  time  and  frequency  domains.  The  contribution  of  each 
part  of  the  device,  when  operating  as  microwave  power  generator,  is 
analyzed  through  the  spatial  profiles  of  the  impedance-field  spectrum.  The 
usual  subdivision  of  the  n-region  into  a  passive  (dead-zone)  and  active  zone 
is  carried  out.  The  dead  zone  is  found  to  manifest  itelf  as  a  purely  real 
resistance  which  is  practically  independent  of  the  frequency.  One  or  more 
spatial  zones  which  are  responsible  for  the  generation  are  shown  to  be 
formed  in  the  active  region  of  the  diode.  By  reducing  the  length  of  the 
n-region,  under  the  condition  that  the  total  current  is  constant  in  time,  the 
additivity  of  the  contributions  from  each  part  of  the  device  into  the  gener¬ 
ation  spectrum  is  demonstrated. 


1.  Introduction 

The  near-micron  n'^nn*  InP  diodes  are  widely  used  in 
modern  semiconductor  generators  of  short  millimeter  waves 
[1-6].  To  improve  the  high-frequency  performance  of  these 
generators  various  doping  profiles  [6,  7]  and  a  reduction  of 
the  n-region  length  [8]  are  suggested.  For  a  proper  choice  of 
the  diode  length,  doping  profile,  etc.,  it  is  firstly  necessary  to 
investigate  theoretically,  how  a  variation  of  these  param¬ 
eters  influences  on  the  main  characteristics  of  the  device.  To 
account  for  the  main  physical  processes  inherent  in  such 
diodes  (the  nonlocal  heating  of  carriers,  the  velocity  over¬ 
shoot,  the  intervalley  transfer,  the  carrier  concentration  and 
self-consistent  electric  field  redistribution  during  transit-time 
dynamics,  etc.)  the  theoretical  analysis  is  performed  in  the 
framework  of  either  kinetic  [5,  6,  7,  9]  or  hydrodynamic  [8, 
10-12]  approaches  coupled  with  the  Poisson  equation.  In 
so  doing,  a  quantitative  analysis  of  the  parameters  which 
allow  for  a  spatial  analysis  of  various  physical  quantities  has 
to  be  preferred.  Indeed,  by  allowing  one  to  construct  a 
spatial  map  of  the  device  properties  of  interest,  the  designing 
of  the  device  is  significantly  facilitated.  The  main  aim  of  this 
paper  is  to  demonstrate  that  the  impedance  field  can  be  suc¬ 
cessfully  used  for  this  sake  providing  an  important  physical 
information  both  in  time  and  frequency  domains. 


2.  The  impedance  field  approach 

By  definition,  in  the  frequency  domain  the  local  impedance- 
field,  VZ(co,  x)  relates  the  linear  response  of  the  electric  field 
dEJ[x)  to  a  small  harmonic  perturbation  of  the  total  current 
dj^{x)  at  circular  frequency  co  =  27c/in  point  x  as: 

5E^{x)  =  VZ(co,  x)djjx)  (1) 


For  the  one-dimensional  structure  considered  here,  the  total 
current  is  constant  in  space,  and  the  integration  of  eq.  (1) 
over  the  whole  diode  gives : 


SU^  =  Zico)Sj^  (2) 

Here  8U^  is  the  linear  response  of  the  terminal  voltage 
caused  by  a  harmonic  perturbation  of  the  total  current  and 

Z{(o)  =  J  VZ(co,  x)  dx  (where  I  is  the  diode  length)  is  the 

small-signal  impedance  of  the  whole  diode.  To  simulate 
the  carrier  transport  in  n'''nn^-InP  diodes  the  closed  hydro- 
dynamic  approach  [13-15]  based  on  the  carrier  number, 
drift  velocity  and  mean  energy  conservation  equations 
coupled  with  the  Poisson  equation  for  the  self-consistent 
electric  field  has  been  used.  This  model  was  demonstrated  to 
give  the  results  which  are  in  an  excellent  agreement  with  the 
Monte  Carlo  calculations  for  both  homogeneous  semicon¬ 
ductors  [13-15]  and  short  n*nn*  structures  [8,  9].  To  cal¬ 
culate  the  impedance  field,  we  use  an  impulsive  procedure 
which  enables  us  to  obtain  simultaneously  the  spectra  of 
both  VZ(a),  x)  and,  hence,  Z(co)  in  the  frequency  range  of 
interest.  To  this  end,  let  us  consider  the  stationary-state  of 
the  diode  as  characterized  by  a  potential  drop  U^q  and  a 
total  current-density  jo .  Then,  at  a  given  initial  time  t  =  0 
an  impulsive  delta-like  perturbation  of  the  total  current 
density,  dJo ,  is  introduced  leading  to  an  initial  perturbation 
of  the  voltage  drop  in  the  form  ^t/,,(0)  =  •  Here  Sq  is 

the  vacuum  permittivity,  e,  the  relative  static  dielectric- 
constant  of  the  material.  The  voltage  perturbation  leads  to  a 
homogeneous  perturbation  of  the  electric  field  inside  the 
diode  dEo  =  5Uj{0)/l  which,  in  turn,  causes  a  time  variation 
of  a  conduction  current.  As  a  result,  U/^t)  also  begins  to 
change  finally  relaxing  to  the  initial  value  U^o ,  since  all  per¬ 
turbations  in  velocity,  concentration,  and  voltage  vanish  in 
time  under  constant  current-operation. 

To  investigate  the  spatial  profile  of  the  voltage  response, 
we  evaluate  the  response  function  of  the  local  electric-field 
in  each  point  of  the  device,  D^t,  x),  defined  as : 


D^t,  x)  = 


1  dE(t,  x) 

Bq  8Eq 


(3) 


Integration  of  D^t)  throughout  the  whole  device  gives  the 
voltage-response  function  Du{t).  By  Fourier  transforming  eq. 
(3),  one  obtains  the  impedance  field,  VZ(/,  x),  at  frequency/ 
which  is  defined  as: 


VZ(/,  X)  = 


*00 

x)  exp  {—icot)  dt 
Jo 


(4) 
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3.  Results  and  discussion 

We  consider  a  n^nn'^  structure  at  T  =  300 K  with  param¬ 
eters  which  are  typical  of  to-date  diode  generators  [1-6]: 
the  n-region  length  /„=lpm,  n  =  2xl0‘®cm”^ 
=  10^®cm“^.  Abrupt  homojunctions  between  «  and  n* 
regions  are  assumed.  Let  us  start  from  the  near-equilibrium 
conditions.  Figure  1  shows  the  time  dependencies  of  the 
local  electric  field  response  functions  calculated  at  1/^  =  0 
for  two  points  of  the  diode  chosen  from  the  n  and  (solid 
and  dashed  curves,  respectively).  The  damped  oscillations 
are  caused  by  the  plasma  processes  in  these  regions  which 
give  separate  contributions  into  the  time  dependence  of  the 
voltage  response  function  of  the  whole  diode  shown  in  Fig. 
2  for  two  diodes  with  the  same  length  of  the  n  region  but 
with  various  lengths  of  the  contacts:  0.1  and  0.3pm 
(solid  line),  and  0.05  and  0.1  pm  (dotted  line),  for  the  cathode 
and  anode  contacts,  respectively.  As  it  follows  from  Fig.  2 
the  plasma  oscillations  corresponded  to  the  n'^  regions  are 
more  pronounced  for  the  structure  with  the  longer  contacts. 
Figure  3  presents  the  real  and  imaginary  parts  of  the  small- 


Fig.  I.  Normalized  response  functions  of  the  local  electric  field  as  a  func¬ 
tion  of  time  for  U°  =  0  under  current  driven  operation  at  two  different 
points  inside  the  n  and  n'^  regions  of  the  diode  (solid  and  dashed  lines, 
respectively).  Diode  parameters  are:  n'^  =  10'®cm"^  n  =  2  x  10‘*cm■^ 
=0.1  pm,  /„  =  1.0  pm,  Ij  =  0.3  pm. 


Fig.  2.  Voltage  response-function  as  a  function  of  time  calculated  under 
current-driven  operation  for  the  diode  of  Fig.  1  (solid  line)  and  with 
reduced  contact  lengths  =  0.05  pm,  /j  =0.1  pm  (dotted  line).  U°  =  0. 


f  (GHz) 

Fig.  3.  Frequency  dependence  of  the  real  and  imaginary  part  of  the  small- 
signal  impedance,  Z{f).  The  notation  is  the  same  of  Fig.  2. 

signal  impedance  of  the  whole  diode.  Re  [Z(/)]  and 
Im  [Z(/)],  respectively,  obtained  by  Fourier  transformation 
of  the  voltage  response  functions  presented  in  Fig.  2.  The 
plasma  oscillations  in  n  and  n'*'  regions  results  in  two  peaks 
of  the  Re  [Z(/)]  which  position  independs  of  the  structure 
lengths  and  corresponds  to  the  plasma  frequency  in  these 
regions  only.  Thus,  at  the  thermal  equilibrium  the  diode 
response  has  a  local  character,  and  processes  in  various 
regions  can  be  considered  independently  one  from  another. 
In  the  following,  in  order  to  obtain  quasi  thermal- 
equilibrium  conditions  for  carrier  transport  at  the  contact 
ends,  the  cathode  and  anode  -region  lengths  are  taken  to 
be  0.1  and  0.2  pm,  respectively. 

To  analyze  the  high-frequency  performance  of  short 
n*nn'^  InP  diodes  under  biasing  conditions,  one  should 
recall  that  a  considerable  role  is  played  by  drift-velocity 
overshoot,  which  increases  the  difference  between  the 
maximum  and  minimum  drift  velocities  inside  the  n  region, 
and  strengthens  the  usual  Gunn  effect  [10].  This  is  illus¬ 
trated  in  Fig.  4,  which  present  a  stationary  profiles  of  the 
drift  velocity  in  the  structures  with  different  lengths  of  the  n 
region  calculated  for  the  same  total  current  .  For  the  case 


X  (pm) 

Fig.  4.  Spatial  profiles  of  the  drift  velocity  with  different  n-region  length  1„  : 
l-l.Opm,  2-0.9 pm,  3-0.72 pm  (curves  1  to  3,  respectively).  All  curves  are 
obtained  at  the  same  current  density  j„  =  1.07  x  10®  A/m^  (for  curve  1  this 
corresponds  to  t/j  =  8  V). 


Physica  Scripta  T54 


Impedance  Field  and  Microwave  Power  Generation  in  InP  Diodes  73 


of  /„  =  1  nm  this  corresponds  to  Uj  =  S  V.  The  velocity 
overshoot  results  in  the  spatial  negative  differential- 
conductivity  (SNDC)  in  the  space  region  0.3  <  x  <  1.1  pm, 
where  the  drift  velocity  decreases  with  increasing  the  spatial 
coordinate.  It  is  an  active  zone  of  the  diode  where  pertur¬ 
bations  of  the  carrier  concentration  can  grow  in  time. 
Figure  5  reports  the  voltage  response  function  at  increasing 
values  of  the  applied  voltage.  The  general  shape  of  each 
curve  is  similar  and  it  can  be  analyzed  in  terms  of  a  short 
and  long  time  behavior.  At  short  times  we  find  a  sharp 
decrease  of  Dj^t)  which  is  modulated  by  the  plasma  oscil¬ 
lations  associated  with  the  n'*' -regions.  (By  comparison  with 
Figs  1  and  2  one  can  conclude  that  the  plasma  oscillations 
are  caused  by  the  cold  -regions,  only).  At  long  times  we 
find  a  bell-shape  behavior.  To  discuss  its  origin  Fig.  6  shows 
the  time  evolution  of  the  perturbed  carrier-concentration, 
dn{t,  z)  =  n{t,  z)  —  n^iz),  no(z)  being  the  stationary  profile 
corresponding  to  U°  =  i  V).  The  initial  perturbation  of  the 
applied  voltage  and,  hence,  of  the  electric  field  inside  the 


Fig.  5.  Voltage  response-function  as  a  function  of  time  calculated  under 
current-driven  operation  for  the  diode  of  Fig.  1.  Curves  1  to  4  corresponds 
to  Uj  =  1,  3,  5  and  8V. 


Fig.  6.  Concentration  perturbations  Sn{t,  x)  =  n(t,  x)  —  no(x)  with  respect 
to  the  stationary  concentration  profile  no(x)  as  a  function  of  the  coordinate 
X  along  the  n^nn'*^  diode  calculated  under  the  current  driven  operation  at 
various  times  t  =  1,  2,  3,  4,  5,  6  and  7ps  after  the  voltage  perturbation 
(curves  1  to  7,  respectively).  =  8  V,  SV„  =  0.05  V. 


diode,  leads  to  the  appearance  of  a  space-charge  wave  which 
is  located  in  the  active  region  of  the  diode  (curve  1,  t  =  1  ps). 
Then,  this  wave  turns  in  an  accumulation  layer  followed  by 
a  narrow  depletion  region  near  the  anode  (curve  2,t  =  2  ps). 
By  comparing  with  Fig.  4,  one  can  conclude  that  the  accu¬ 
mulation  layer  is  formed  in  the  region  of  the  diode  where 
the  negative  slope  of  the  drift-velocity  as  a  function  of  space 
is  maximum.  After  its  formation,  which  takes  about  2  ps,  the 
accumulation  layer  begins  to  propagate  towards  the  anode. 
The  layer  disappears  reaching  the  anode  with  a  negative 
value  of  5n.  Figure  7  shows  the  time  dependence  of  the 
response  function  of  the  local  electric  field  calculated  for 
l/°  =  8  V  at  several  points  of  the  diode  with  coordinates,  as 
measured  from  the  cathode  terminal,  respectively  of 
X  =  0.05,  0.3,  0.65,  1.05  pm.  The  first  point  is  placed  inside 
the  cathode.  Here  the  response  function  exhibits  a  plasma- 
oscillation  pattern  which  is  damped  by  the  collision  time. 
The  same  pattern  is  found  inside  the  anode.  The  second 
point  corresponds  in  space  to  the  maximum  value  of  drift- 
velocity  overshoot.  Here  the  response  function  is  found  to 
decay  nearly  exponentially  on  the  time  scale  of  momentum 
relaxation.  For  the  other  points,  which  are  placed  between 
the  maximum  value  of  the  drift-velocity  overshoot  and  the 
anode,  the  response  function  exhibits  a  pronounced  bell¬ 
shaped  tail.  The  maximum  value  of  the  bell-shape  and  its 
corresponding  time  is  found  to  increase  by  increasing  the 
coordinate  along  the  diode  up  to  the  point  where  the  carrier 
mean-energy  has  its  highest  value  (curve  4  in  Fig.  7).  Then 
the  maximum  of  the  bell-shape  tail  begins  to  decrease 
rapidly  and  vanishes  at  the  beginning  of  the  anode  region. 
Thus,  the  bell-shape  behavior  of  Dj^t,  x),  is  caused  by  the 
propagation  of  the  accumulation  layer  across  the  diode  and 
is  more  pronounced  the  higher  is  the  applied  voltage.  When 
the  propagation  of  the  accumulation  layer  is  terminated,  the 
voltage  response  function  vanishes. 

The  bell-shale  behavior  of  the  voltage  response  function  is 
responsible  for  the  appearance  of  one  or  more  minima  in 
the  frequency  spectrum  of  the  real  part  of  the  small-signal 
impedance  of  the  diode,  Re  [Z,,(/)].  This  is  illustrated  in 
Fig.  8,  where  the  spectra  of  Re  [Z  J  are  presented  for  C/J  = 
1,  3,  5  and  8  V  (curves  1  to  4,  respectively).  In  the  frequency 


Fig.  7.  Normalized  response  functions  of  the  local  electric  field  as  a  func¬ 
tion  of  time  for  l/J  =  8  V  under  current  driven  operation  at  different  points 
inside  the  diode  of  Fig.  1  as  measured  from  the  cathode  terminal:  z  =  0.05, 
0.3, 0.65  and  1.03  pm  (curves  1  to  4,  respectively). 
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Fig.  8.  Frequency  dependence  of  the  real  part  of  the  small-signal  imped¬ 
ance  calculated  from  the  time-dependent  voltage  response  functions  pre¬ 
sented  in  Fig.  5.  The  notation  is  the  same  of  Fig.  5. 


f  (GHz) 

Fig.  10.  Frequency  dependence  of  the  real  part  of  the  small-signal  imped¬ 
ance  calculated  for  diodes  with  different  n-region  length  l„ .  The  notation  is 
the  same  of  Fig.  4. 


range  where  Re  [Z//)]  <  0  an  amplification  and  gener¬ 
ation  of  the  microwave  power  is  possible.  Figure  9  sum¬ 
marizes  the  generation  frequency  tuning  (horizontal  lines) 
obtained  experimentally  in  [1-6]  together  with  the 
Re  [Z(/)]  spectrum  calculated  by  the  HD  approach  at 
l/j  =  5  V  (solid  line).  One  can  see,  that  all  available  experi¬ 
mental  data  practically  fully  cover  the  frequency  region  of 
the  generation  predicted  by  the  linear  theory. 

Let  us  discuss  now  the  contributions  of  the  various  parts 
of  the  diode  to  Z(/)  and  its  dependence  on  reducing  the 
diode  length.  The  real  part  of  the  small-signal  impedance, 
Re  [Z(/)],  calculated  for  the  considered  n*nn^  structure  is 
reported  in  Fig.  10  for  different  lengths  of  the  «-region.  For 
the  case  of  /„  =  1  pm  (see  curve  1),  the  amplification  condi¬ 
tion  Re  [Z(/)]  <  0,  is  fulfilled  inside  the  two  bands: 
f  =10  200  and  250  -f-  340  GHz  where  microwave  power 
generation  is  possible.  We  remark  that,  by  shortening  the 
«-region,  the  condition  for  amplification  shifts  to  high  fre¬ 
quencies,  as  expected.  Figures  11  (a)  and  (b)  report  the 
spatial  profile  respectively  of  the  real  and  imaginary  parts  of 


ance  (solid  line)  calculated  with  the  HD  approach  at  C/j  =  5  V  for  the  same 
diode  of  Fig.  1.  Horizontal  lines  and  separate  groups  of  lines  summarize  the 
experimentally  observed  tuning  of  the  generation  frequency,  and  corre¬ 
spond  from  top  to  bottom,  respectively  to  Refs  [1-4,  6]. 


the  impedance  field  for  the  structure  with  /„  =  1  pm.  Curves 
1,  2  and  3  correspond,  respectively,  to  the  frequencies  = 
55  GHz,  f2  =  125  GHz  and  /a  =  290  GHz.  We  recall  that 
Re  [Z(/)]  is  always  positive  for/i  and  reaches  a  minimum 


X  (/xm) 

Fig.  II.  Spatial  profiles  of  (a)  the  real  and  (b)  imaginary  part  of  the  imped¬ 
ance  field  calculated  with  the  HD  approach  for  the  same  diode  of  Fig.  1  at 
three  different  values  of  the  frequency:  1-55  GHz,  2-125 GHz,  3-290 GHz, 
/„=1.0nm.  t/,  =  8V. 
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in  the  first  and  second  generation  bands  for  /j  and  /j, 
respectively  (see  Fig.  10).  As  it  follows  from  Fig.  1 1,  VZ(/,  x) 
is  practically  independent  from  frequency  in  the  near¬ 
cathode  area  of  the  n-region  (x  =  0.1  0.3  pm).  From  the 

comparison  with  curve  1  of  Fig.  4,  we  find  that  this  is  the 
region  where  the  drift  velocity  exhibits  a  sharp  increase  up 
to  its  maximum  value.  This  space  region  is  usually  called  as 
the  dead  zone  of  short  diodes.  Comparing  Figs  4  and  11, 
one  can  conclude  that  the  dead  zone  manifest  itself  as  a  near 
cathode  region  with  a  pure  real  and  positive  resistance 
which  is  independent  from  the  frequency  up  to  the  plasma 
range,  and  the  end  of  the  dead  zone  coincides  with  the 
maximum  value  of  velocity  overshoot.  The  remaining  part 
of  the  n-region,  where  SNDC  takes  place,  can  be  considered 
as  the  active  region  of  the  diode.  We  remark  that  at  low 
frequencies  (/  =  55  GHz)  Re  [VZ(/)]  is  positive  in  each 
point  of  the  diode  (curve  1  in  Fig.  1 1  (a)).  By  increasing  the 
frequency,  the  active  region  with  negative  values  of 
Re  [VZ(/)]  appears  at  first  close  to  the  anode  and  then 
widens  and  shifts  towards  the  cathode.  There,  at  sufficiently 
high  frequencies  several  spatial  regions  with  Re  [VZ(/)]  <  0 
can  appear.  In  general,  the  maximum  number  of  active 
regions  which  shows  up  in  the  spatial  dependence  of 
Re  [VZ(/)  is  equal  to  the  number  of  generation  bands  in 
the  frequency  dependence  of  Re  [Z(/)].  It  is  due  to  the  fact 
that  the  curves  in  Fig.  1 1  correspond  to  the  growing  space- 
waves  of  the  local  electric  field  starting  at  the  beginning  of 
the  active  zone  and  vanishing  at  the  anode  contact. 

To  illustrate  the  usefulness  of  the  impedance  field  for  the 
designing  of  the  diode,  in  the  following  we  shall  analyze  the 
diode  characteristics  when  the  length  of  the  n-region  is 
reduced  by  keeping  the  same  doping  profile  and  total 
current.  Figure  12  reports  the  effect  of  such  a  reduction  on 
Re  [VZ(/)]  calculated  at  /3  =  290  GHz.  Curve  1  corre¬ 
sponds  to  l„  =  1.0  pm  and  curve  2  to  /„  =  0.9  pm  when  the 
anode  n^ -region  is  shifted  to  the  left  up  to  the  first  nearest 
point  in  which  Re  [VZ(/)]  vanishes.  We  observe  that,  in 
doing  so,  the  second  generation  band  disappears,  the  new 
profile  practically  coincides  with  curve  1  in  the  common 
region,  and  only  one  active  zones  followed  by  a  zone  with 
positive  values  of  Re  [VZ(/)]  remains.  Moreover, 
Re  [Z(/)]  of  the  whole  diode  becomes  positive  at  /j  = 
290  GHz  (see  curve  2  in  Fig.  10).  To  make  Re  [Z(/)]  at  this 


Fig.  12.  Spatial  profiles  of  the  real  part  of  the  impedance  field  calculated  at 
the  frequency  /  =  290  GHz.  The  notation  is  the  same  of  Fig.  4. 


frequency  negative  again,  it  is  necessary  to  shift  the  n'*'- 
anode  contact  to  the  second  point  where  Re  [VZ(/)] 
crosses  the  zero  axis.  This  case  is  illustrated  by  curves  3  in 
Fig.  12  (analogously  as  in  Figs  4  and  9)  which  is  calculated 
for  l„  =  0.72  pm.  In  this  way  one  removes  the  near-anode 
region  with  Re  [VZ(/)]  >  0  and,  as  a  consequence,  the 
diode  can  again  generate  at  frequency  =  290  GHz  since 
its  Re  [Z(/3)]  becomes  again  negative  (see  Fig.  10,  curve  3). 
The  generation  band  of  the  shorted  diode  is  so  extended  to 
the  higher  frequency  range  which  fully  covers  the  second 
generation  band  of  the  initial  diode. 

This  simple  illustration  proves  that  the  diode  can  be  con¬ 
sidered  as  a  sequenee  of  connected  in  series  zones  whieh 
give  separate  but  additive  contributions  to  the  net  spectrum 
of  the  microwave  power  generation.  Each  contribution  can 
be  described  by  a  local  impedance-field.  Under  constant 
current-operation,  the  local  characteristics  of  the  diode  (e.g., 
the  drift  velocity,  the  impedance  field,  etc.)  are  determined 
by  the  distance  between  the  source  (i.e.  the  cathode  n*-n 
boundary)  and  the  local  point  of  the  structure  and  do  not 
depend  on  the  distance  from  the  drain  (i.e.  the  anode  n-n* 
boundary).  In  other  words,  since  the  carrier  flux  starts  at  the 
source  and  ends  at  the  drain,  the  local  characteristics 
depend  on  the  pre-history  of  carrier  motion  from  the  source 
only  and  contain  no  information  about  a  further  motion  of 
carriers  towards  the  drain.  Because  of  that,  the  shortening  of 
the  n-region  looks  as  a  cut  of  the  eorresponding  part  of  n- 
region  which  is  on  the  anode  side,  (see  Figs  4  and  12). 


4.  Conclusions 

The  deterministic  nature  inherent  in  the  HD  model  is  found 
to  be  quite  appropriate  for  the  calculation  of  the  impedance 
field  spectrum  which  describes  the  local  profile  of  the  small 
signal  characteristics.  The  spatial  dependence  of  the  imped¬ 
ance  field  we  have  obtained  in  the  whole  frequency  range  of 
interest  constructs  a  map  which  reflects  the  main  physieal 
processes  occurring  in  the  different  regions  of  the  device  and 
can  be  used  for  several  purposes  such  as:  to  give  a  com¬ 
prehensive  analysis  of  the  device  performance,  to  provide  a 
proper  choice  of  the  device  design,  etc.  Under  current  oper¬ 
ation  mode,  the  diode  can  be  considered  as  a  sequence  of 
zones  connected  in  series  which  give  additive  contributions 
to  the  amplification  (and  generation)  spectrum.  In  the  high- 
frequency  region  of  generation,  the  main  contribution  comes 
from  the  zone  which  is  near  the  anode.  It  is  the  zone  where 
the  transit-time  dynamics  of  the  accumulation  layers  takes 
place.  The  processes  in  the  anode  are  found  to  have  practi¬ 
cally  no  influence  on  the  diode  performance.  When  the  total 
current  is  kept  constant,  the  reduction  of  the  n-region  length 
does  not  lead  to  any  variation  of  the  dead  zone  and  implies 
primarily  a  shortening  of  the  active  zone  only.  This  leads  to 
a  shift  at  higher  frequencies  of  the  generation  spectrum.  One 
can  expect  that  a  more  significant  variation  of  the  gener¬ 
ation  spectrum  can  be  obtained  by  a  proper  choice  of  the 
doping  profile  in  this  zone. 
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Abstract 

Contacts  to  monocrystalline  silicon  have  been  prepared  by  wafer  bonding 
using  cobalt  disilicide  as  an  interfacial  layer.  Bonding  has  been  carried  out 
with  three  different  structures:  n'^-CoSij-n'^,  p'^-CoSij-p^  and  p^-CoSij- 
n'*'.  The  intermediate  cobalt  disilicide  layers  had  a  thickness  of  either  700A 
or  5250  A.  The  bonding  interface  was  characterized  by  electrical  measure¬ 
ment  (IV)  and  Secondary-ion  mass  spectrometry  (SIMS)  of  the  formed  con¬ 
tacts.  The  n'''-CoSi2-n*and  p'^-CoSij-p'^  bondings  display  an  ohmic 
behaviour.  The  resistance  of  the  bonded  structures  was  in  the  range 
expected  for  the  bulk  silicon  used  (0.1-0.050 cm).  The  p'^-CoSi^-n^  struc¬ 
tures  shows  a  non  ohmic  behaviour.  An  evaluation  of  the  SIMS  profiles 
reveals  that  the  non-linear  behaviour  of  the  p'''-CoSi2-interface  is  due  to 
phosphorous  diffusion  from  the  n-doped  region  across  the  silicide  to  the 
p-doped  area.  It  is  shown  that  the  phosphorous  compensates  the  boron 
dopant. 


1.  Introduction 

The  mechanism  for  cobalt  disilicide  wafer  bonding  is  not 
fully  understood.  However,  it  is  clear  that  the  surfaces  must 
be  in  close  contact  and  that  a  reaction  takes  place.  To 
insure  contact  the  surfaces  must  be  particle  free  and  flat.  An 
important  factor  for  the  bonding  result  is  the  attractive 
forces  (e.g.  van  der  Waals  forces)  between  the  surfaces  that 
differ  from  one  material  to  another.  A  strong  attractive  force 
can  overcome  the  effects  of  rough  surfaces.  There  are  many 
surface  related  factors  (material  type,  surface  morphology, 
surface  charges,  adsorbed  films  etc.),  which  affect  the  adhe¬ 
sion  forces.  Glasses  flow  at  relatively  low  temperatures 
which  makes  it  easier  for  the  surfaces  to  come  within  atomic 
distances.  Reaction  can  then  occur  and  result  in  strong 
bonding.  The  materials  to  be  bonded  must  have  similar 
thermal  expansion  coefficients  in  order  to  reduce  stresses. 
The  stresses  can  affect  the  performance  and  eventually  break 
the  bonding.  The  formation  of  a  buried  metallic-layer  in 
silicon  makes  it  feasible  to  produce  buried  interconnections 
and  buried  ground  planes.  In  an  earlier  work  we  have  inves¬ 
tigated  buried  pattern  Schottky  contacts  using  cobalt  dis¬ 
ilicide  as  the  interfacial  layer  [1].  Ohmic  interconnections 
have  been  established  with  PtSi-PtSi  bonding  [2].  In  this 
study  we  investigate  the  buried  cobalt  layer  as  an  intercon¬ 
nection  between  different  types  of  doped  silicon.  We  have 
chosen  CoSi2  because  of  its  low  resistivity  (ISiificm),  and 
good  chemical  resistance. 


*  Present  address:  Per  Halvledare,  Hasselbyvagen  20,  S-163  52  Spanga, 
Sweden. 
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2.  Experimental 

When  preparing  the  samples  we  work  simultaneously  with 
two  wafers  at  time,  one  of  them  to  be  covered  with  cobalt. 
Six  types  of  samples  (Table  I)  were  prepared  in  the  following 
way.  Silicon  wafers  with  a  diameter  of  3",  (100),  400  pm 
thick,  n-type  doped  with  phosphorus,  and  a  resistivity  of 
0.1-0.050  cm  were  prepared  with  a  n'*'-  layer  by  diffusion  of 
phosphorus  from  a  POCI3  source.  The  diffusion  was 
carried  out  at  1200  °C  for  55  min.  This  treatment  resulted  in 
a  highly  doped  phosphorus-layer  with  a  concentration  of 
approximately  8‘10^°cm“^  and  a  depth  of  3  pm.  Silicon 
wafers  with  a  diameter  of  3"  (100),  400  pm  thick,  p-type 
doped  with  boron,  and  a  resistivity  of  0.1-0.05  ft  cm  were 
prepared  with  a  p"^ -layer  by  diffusion  of  boron  from  a 
boron-nitride  source.  The  diffusion  conditions  were  890  °C 
for  20  min  in  Nj  -I-  Oj ,  for  2  min  in  Nj  -f-  O2  +  and 
finally  60  min  in  N2.  The  drive-in  step  was  1200  °C  for  25 
min  in  N2  -I-  O2,  105  min  in  N2  -1-  O2  +  H2,  and  finally  30 
min  in  Nj  4-  O2 .  The  resulting  boron  layer  had  a  concen¬ 
tration  of  about  6.10^®cm”^  and  a  depth  of  6pm.  The 
p-type  wafer  was  dipped  in  buffered-HF  for  40  min  to 
remove  the  oxide.  After  that  the  wafer  was  dipped  in  1  : 10 
HF-solution  and  dried  in  blowing  N2 .  The  n-type  wafer  was 
dipped  in  1  : 10  NF-solution  and  dried  in  Nj .  The  wafer  to 
be  covered  with  cobalt  (see  Table  I)  was  immediately  loaded 
into  a  load-lock  chamber  and  finally  into  the  vacum- 
chamber  with  a  base-pressure  of  about  1  •  10“®mbar.  The 
cobalt  layer  was  deposited  via  e-beam  evaporation.  After 
the  evaporation  the  wafer  was  kept  in  the  load-lock 
chamber  until  the  second  wafer  was  ready  for  the  bonding 
process.  The  wafers  were  pressed  together  and  a  quartz- 
plate  weighing  100  gram  was  placed  on  top  of  the  wafers  in 
order  to  counteract  the  bending  caused  by  the  difference  in 
the  thermal  expansions  of  the  buried  layer  and  the  silicon 


Table  I.  Preparation  of  the  samples 


Code 

Structures 

Thickness 

of  the  cobalt-layer 

(A) 

Heat-treatment 
900  °C 

A 

n'^-Co-n'^ 

1500 

Ih 

B 

p^-Co-p"^ 

1500 

Ih 

C 

n^-Co-n"^ 

200 

30  min 

D 

p^-Co-p”^ 

200 

30  min 

E 

p*-Co-n'^ 

1500* 

Ih 

F 

p^-Co-n'^ 

200* 

30  min 

*  Evaporated  on  the  p-type  water 
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IBiInsulating  board 
SLP:  Spring  loaded  probe 

Fig.  I.  The  four  point  probe  and  electrical  characterization  of  n’^-CoSij- 
n'^  and  p’^-CoSij-p'^  samples. 


wafers.  The  bonding/silicidation  was  carried  out  in  N2  at 
900  °C  in  a  furnace.  The  bonded  samples  were  then  dipped 
in  a  1  : 10  HF-solution  to  remove  the  thin  oxide  grown  on 
the  back  sides.  An  Al-layer,  1  pm  thick,  was  deposited  on 
both  sides,  and  annealed  at  515  °C  for  20  min  in  N2  to 
create  good  ohmic  contacts.  The  bonded  wafers  were  then 
cut  into  pieces  with  a  size  about  16  mm^. 

3.  Characterization 

3.1.  IV -measurement 

The  contacts  were  electrically  characterized  with  a  specially 
designed  four  point  probe.  Figure  1  shows  how  to  probe  the 
sample  and  the  main  features  of  the  four  point  probe.  The 
current  source  has  a  maximum  current  limit  of  1.25  A.  The 
current  and  voltage  are  measured  using  a  Fluke  8060A  as  a 
current  meter  and  a  Hewlett  Packard  34401 A  as  a  voltage 
meter.  When  the  voltage  and  current  probes  are  switched  no 
measurable  changes  in  the  voltage  were  observed.  The  area 
of  the  sample  was  measured  using  a  calliper  with  a 
resolution  of  0.05  mm.  The  measurements  were  carried  out 
at  a  temperature  of  295K. 

3.2.  SIMS-measurement 

The  characterization  of  the  dopant  concentration  was  made 
by  using  an  secondary-ion  mass  spectrometer  (Cameca  4f) 
O2  as  the  primary  ion  and  detecting  ^^P^  and 


4.  Results 

Figure  2  shows  the  current  density  vs.  voltage  for  the 
samples  n^-CoSi2-n'''  and  p'''-CoSi2-p'''.  The  graphs  are 


-0.05  0  0.05 


U(V) 

Fig.  2.  The  current  density  vs.  voltage  for  the  n'''-CoSi2-n'^  and  p'^-CoSij- 
p'^  samples. 


linear  and  show  different  slopes  for  the  n^-CoSi2-n'^  and 
p‘^-CoSi2-p'^  samples.  The  slopes  are  estimated  by  fitting 
straight  lines  with  the  least  square  method.  The  data  are 
summarised  in  Table  II.  The  p^-CoSi2-n‘^  samples  show  a 


Table  II.  The  measured  data  of  n'*' -CoSi2-n*  and  p'^'-CoSij- 
p*  samples 


Code 

Bonded 

structures 

Silicide- 

thickness 

(A) 

Sample 

area 

(mm^) 

Slope 

(£2mm^) 

Calculated 

resistivity 

(Qcm) 

A 

n'^-CoSij-n''' 

5250 

14.4 

0.63 

0.051 

B 

p'^-CoSij-p'^ 

5250 

22.5 

0.93 

0.075 

C 

n’^-CoSi^-n'*' 

700 

15.0 

0.65 

0.052 

D 

p'^-CoSij-p'^ 

700 

16.8 

0.88 

0.071 

-1  0  1 
U(V) 

Fig.  3.  The  current  density  vs.  voltage  for  the  p'^-CoSij-n'^  samples. 
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non-ohmic  behaviour  as  can  be  seen  in  Fig.  3.  A  further 
investigation  of  the  p'^-CoSij-n'^  sample  with  a  thicker  sili- 
cide  (5250  A)  was  carried  out  to  characterize  the  non-ohmic 
behaviour.  A  small  part  of  the  sample  was  etch  out  from 
one  side  to  remove  the  silicon  down  to  the  silicide-layer.  In 
Fig.  4  a  schematic  drawing  demonstrates  the  electrical 
probing  of  the  sample.  It  is  the  same  set-up  as  earlier  even  if 
the  “four  point”  geometry  was  not  used.  Figure  5  shows 
how  to  make  an  estimation  of  the  resistance  between  the 
probes  and  the  back  side  A1  contacts.  The  contact  resist¬ 
ance  can  then  be  calculated  as  2R^  =  {Uy  —  The 

voltage  over  the  p'''-CoSi2  contacts  can  be  estimated  as 
C7p=  Up  —R^  I,  and  voltage  over  n'^-CoSi^  contacts  t7„  = 
U  —  Up  —  R^  I.  Figure  6  shows  that  the  non-ohmic  behav¬ 
iour  is  caused  by  the  p'^-CoSij  interface.  For  SIMS  analysis. 


Fig.  4.  Electrical  characterization  of  the  p'*'-CoSi2-n'^-and  CoSij-n'^  inter¬ 
faces  for  the  p'^-CoSij-n'^  sample  with  5250  A  CoSij-layer. 


Fig.  5.  Sketch  illustrating  the  method  used  in  order  to  measure  the  voltage 
drop  between  the  A1  back  side  contacts  and  the  probes. 


Fig.  6.  The  current  density  vs.  voltage  for  the  p'^-CoSij-n*  and  CoSij-n'^ 
interfaces. 


Fig.  7.  The  dopant  concentration  vs.  depth  characterized  with  SIMS. 


one  sample  was  etched  down  to  the  silicide  through  the 
n-layer  and  a  second  sample  was  etched  down  to  the  silicide 
through  the  p-layer.  Figure  7  shows  (sample  E)  the  boron 
and  phosphorus  profiles  in  the  p'^-CoSi2-n^  layer.  The 
cobalt  signal  indicates  the  position  of  the  CoSi2-layer.  Phos¬ 
phorus  has  diffused  over  the  p-side  and  by  compensating 
the  boron  has  created  a  p-n  junction. 


5.  Discussion 

The  n'^-CoSi2n‘^  and  p''‘-CoSi2-p'''  samples  display  an 
ohmic  behaviour.  The  resistances  of  the  sample  consist  of 
several  parts:  the  contact  resistance  in  the  Al-silicon  inter¬ 
faces,  the  bulk  resistance  in  the  silicon,  the  contact  resist¬ 
ance  in  the  silicide-silicon  interfaces  and  finally  the 
resistance  of  the  silicide  layer.  It  is  not  possible  to  divide  the 
resistance  into  their  separate  components  using  only  one 
measurement.  Because  the  estimated  resistance  of  the 
bonded  samples  correspond  to  that  calculated  from  the  res¬ 
istivity  of  the  wafers  (0.1-0.05  £2  cm),  the  contact  resistance 
cannot  be  estimated.  The  different  slopes  of  n''^-CoSi2-n'^ 
and  p'''-CoSi2-p''^  samples  are  most  likely  the  result  of  the 
different  bulk  resistivities  of  the  n-type  and  p-type  wafers. 
The  p^-CoSi2-n'''  silicide  sample  had  a  non-ohmic  behav¬ 
iour  originating  in  the  p^-CoSi2  interface.  As  in  n‘^-CoSi2- 
n"^  samples,  the  n'''-CoSi2  interface  displays  an  ohmic 
behaviour.  The  SIMS  measurements  show  that  the  non- 
ohmic  behaviour  is  caused  by  diffusion  of  the  phosphorus 
through  the  bonding  interface.  The  phosphorus  concentra¬ 
tion  is  significantly  higher  than  that  of  boron  in  the  p"*"- 
CoSi2  interface.  The  boron  profile  shows  a  drop  in  the 
CoSi2,  which  is  not  well  understood.  Boron  diffuses  easily 
at  900  °C  in  cobalt  disilicide,  therefore  a  uniform  concentra¬ 
tion  profile  would  be  expected  [3].  Similarly  boron  profiles 
in  cobalt  disilicide  have  been  previously  reported  [4]  simi¬ 
larly  unexplained.  Should  one  desire  an  ohmic  behaviour  for 
p‘^-CoSi2-n‘^,  this  could  then  be  achieve  by  increasing  the 
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boron  concentration  and  decreasing  the  phosphorus  con¬ 
centration.  The  phosphorus  concentration  must  be  esti¬ 
mated  with  respect  to  the  tunneling  range  and  the  expected 
contact  resistance  of  the  silicide-silicon  interface.  Another 
way  to  solve  the  problem  could  may  be  to  use  a  diffusion 
barrier  or  change  to  another  n-dopant  possibly  antimony, 
which  does  not  diffuse  easily  in  CoSij  [3]. 

6.  Conclusions 

We  have  shown  that  it  is  possible  to  create  ohmic  contacts 
with  n'^-CoSi2-n'''  and  p^-CoSi2-p'^  structures  using  wafer 
bonding.  The  contact  resistance  when  compared  to  the  bulk 
silicon  resistance  is  negligible.  Contacts  with  p'^-CoSi2-n^ 
structures  show  a  non-ohmic  behaviour.  Electrical  measure¬ 
ment  of  the  p  -I-  -CoSi2  and  n^-CoSi2  interfaces  indicate 
clearly  that  the  non-ohmic  behaviour  is  caused  by  p'^-CoSi2 


interface.  The  SIMS  measurement  shows  that  this  non 
ohmic  behaviour  is  caused  by  diffusion  of  the  phosphorus 
through  the  bonding/silicide  interface. 
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Abstract 

InAs/InP  quantum  well  structures  with  an  epitaxially  controlled  amount  of 
island  growth  are  investigated  by  excitation  spectroscopy  and  magneto¬ 
luminescence.  From  the  diamagnetic  shift  of  the  luminesence,  an  approx¬ 
imate  value  of  the  exciton  radius  is  obtained.  The  very  small  lateral  radius 
of  below  6  nm  is  evidence  of  reduced  dimensionality  and  lateral  confine¬ 
ment  effects. 


The  subject  of  self-organized  growth  in  the  epitaxy  of  group 
III-V  material  systems  has  recently  become  an  exceptional 
challenge  to  the  crystal  growing  community.  Having  tried  in 
the  past  first  to  grow  highly  homogeneous  quantum  wells 
(QW)  structures  and  later  to  laterally  process  them  into 
quantum  wires  or  quantum  dots,  the  community  is  now 
searching  for  growing  procedures  yielding  the  same  result  in 
a  single  step.  This  search  requires  specialized  in-  and  ex-situ 
characterization  methods  to  provide  a  detailed  knowledge 
of  the  structural  and  the  electronic  properties.  Here  we 
analyze  the  method  of  magneto-optical  spectroscopy  for 
elucidating  the  lateral  size  quantisation  and  structural 
properties  of  strained  InAs/InP  QW  systems.  Measurement 
in  magnetic  fields  up  to  20  T  are  performed. 

We  investigate  for  the  first  time  systems  with  an  a  priori 
unknown  confinement  factor  obtained  by  self-organized 
island  growth  [1].  The  island  size  could  so  far  not  be  deter¬ 
mined  from  structural  analyses,  but  it  may  fall  in  the  range 
of  several  pm  down  to  fractions  of  a  nm.  It  has  been  recently 
proposed  that  the  diameter  of  the  island  in  these  systems  is 
of  the  order  of  10  nm,  sufficient  for  lateral  confinement  [2]. 

The  ultra-thin  InAs/InP  QW  are  grown  by  chemical 
beam  epitaxy  (CBE).  On  top  of  a  0.25  pm  thick  InP  buffer 
layer,  a  single,  two  monolayer  thick  InAs  QW  layer  is 
deposited.  It  is  found  that  a  growth  interruption  of  approx¬ 
imately  10  s  leads  to  a  spontaneous  deformation  of  the  layer 
into  a  manifold  of  QW  islands  of  different  thicknesses  [1,  3]. 
Samples  produced  without  growth  interruption  show  the 
typical  2D  reflection  high  energy  electron  diffraction 
(RHEED)  pattern.  The  sample  of  this  kind  investigated  here 
will  be  refer  to  as  sample  B.  The  REED  pattern  changes 
during  the  growth  interruption  into  a  spotty  picture  along 


the  (Oil)  azimuth,  attributed  to  islands  elongated  along 
(Oil). 

A  typical  low-temperature  photoluminescence  spectrum 
of  a  growth-interrupted  sample  (sample  A)  is  shown  in  Fig. 
1.  The  multiple  peaks  correspond  to  emission  of  QW’s  of 
different,  but  well-defined  thicknesses.  Applying  a  simple 
bandstructure  calculation  taking  into  account  strain  effects 
[4],  the  following  assignment  can  be  made  [1,  2]:  the  lumi¬ 
nescence  peak  at  1020nm  corresponds  to  emission  from  two 
monolayer  thick  QW’s,  while  the  emission  peaked  at  lower 
energies  corresponds  to  3,  4,  . . .  etc.  monolayer  QW’s.  The 
so-called  excitation  spectrum.  Fig.  1  to  the  left,  shows  effi¬ 
cient  excitation  at  energies  beyond  the  bandgap  of  InP.  The 
detection  wavelength  is  set  to  1280nm  of  the  5  mono  layer 
thick  QW.  The  efficiency  continuously  drops  of  for  energies 
below  the  InP  gap.  Because  of  the  weak  absorption  strength 
and  because  of  the  hampered  carrier  transfer  between  dis¬ 
connected  islands,  no  excitation  into  any  of  the  thinner  wells 
is  observed.  Information  about  the  island  diameter  could 
thus  not  be  obtained  from  the  excited  level  spectroscopy. 
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Fig.  1.  Luminescence  and  photo  luminescence  excitation  intensities  of  a 
two  monolayer  thick  InAs/InP  quantum  well  grown  with  growth  inter¬ 
ruption,  sample  A. 
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Instead,  the  magneto-luminescence  technique  is  applied, 
where  use  is  made  of  the  fact  that  the  diamagnetic  shift  of 
an  exciton  depends  on  its  reduced  effective  mass  n,  and  is 
proportional  to  the  exciton  diameter  in  the  plane  normal  to 
the  applied  magnetic  field  [5-8], 

Measurements  were  thus  taken  with  the  magnetic  field 
oriented  in  3  major  crystallographic  directions  defined  as 
follows:  the  z-direction  is  normal  to  the  QW  layer  (001),  and 
X,  y  are  the  two  perpendiculars  in  plane  directions  parallel 
to  the  cleaved  edges.  The  HF-induced  etch  pit  V-grooves  on 
the  substrate  side  are  directed  along  the  x-axes  defining  this 
axis  as  the  (Oil). 

Measurements  were  performed  at  low  temperature, 
T  sj  5  K  and  at  magnetic  fields  of  up  to  20  T.  Low-field 
spectra  (up  to  IIT)  were  recorded  by  a  Bruker  113  v 
Fourier  transform  spectrometer,  where  the  sample  lumines¬ 
cence  was  imaged  from  the  spectrometer  exit  port  onto  an 
InGaAs  p-i-n  detector  located  in  front  of  the  interferometer 
chamber.  The  high-held  spectra  were  obtained  from  scan¬ 
ning  a  HR640  single  monochromator  equipped  with  a 
cooled  Ge-detector. 

The  peak  position  of  the  luminescence  was  determined  by 
htting  the  luminescence  intensities  in  the  vicinity  of  the  peak 
to  a  function  consisting  of  a  Lorentzian  superimposed  on  a 
small  linear  background.  The  line  shape,  intensities  and 
background  level  were  found  to  be  independent  of  the  mag¬ 
netic  held.  The  magnetic  held  dependence  of  the  lumines¬ 
cence  can  thus  be  described  by  a  single  free  parameter:  the 
peak  position  E.  In  all  three  directions  we  observe  that  the 
peak  positions  shif  as  £.•  =  £o  +  where  Wj  is  the 

anisotropic  diamagnetic  shift  parameter.  This  is  shown  for 
the  4  mono-layer  QW  in  Fig.  2  neglecting  £*°’  for  clarity 
reasons.  It  should  be  noted  that  we  had  to  reposition  the 
samples  in  order  to  achieve  the  three  experimental  arrange¬ 
ments.  This  caused  an  uncertainty  in  £*°’  of  approximately 
3meV. 

A  hrst  indication  for  localization  in  our  InAs/InP  struc¬ 
tures  is  obtained  from  the  comparison  of  the  results  shown 
in  Fig.  2  with  diamagnetic  shift  parameters  as  measured  in 


•n 


magnetic  field  (T) 

Fig.  2.  Diamagnetic  shift  of  the  emission  line  peaked  at  approximately 
1.052  eV  of  sample  A. 


crescent-shaped  GaAs/AlGaAs  quantum  wires  of  known 
confinement.  Our  values  for  respectively  m^,  and  of 
approximately  3.2,  2.9  and  8.3peV/T^  are  much  smaller 
than  the  values  measured  for  the  QW  wires  of  7,  4.5  and 
16.3peV/T^,  for  wire  dimensions  of  approximately  20  nm  by 
10  nm  [5],  and  also  much  smaller  than  the  values  of  12,  4  or 
less  and  20(xeV/T^  for  wires  of  approximately  35  nm  by 
5.5  nm  [6].  Our  second  qualitative  argument  is  based  on  the 
observed  anisotropy.  The  diamagnetic  shift  along  the  x 
direction  is  slightly  larger  than  that  along  the  y  direction, 
suggesting  an  in-plane  cigar-shaped  exciton,  elongated 
along  the  same  direction  as  that  determined  by  RHEED. 
We  attribute  this  shape  to  an  anisotropic  confinement,  since 
we  expect  that  such  embedded  structures  are  isotropically 
stressed.  The  anisotropy  is,  however,  rather  weak  and  is 
observed  only  in  the  measurements  at  high  magnetic  fields. 
Furthermore,  no  polarization  of  the  emitted  light  was 
observed. 

It  has  been  argued  [5]  that  under  given  circumstances, 
the  diamagnetic  shift  of  a  laterally  confined  exciton  can  be 
described  analog  to  the  exciton  in  a  biaxial  crystal  [9].  The 
anisotropic  confinement  and  resulting  band-mixing  [10], 
which  normally  complicate  the  evaluation  are  phenomeno¬ 
logically  introduced  in  the  form  of  an  anisotropic  exciton 
mass  ^l^  (i  =  x,  y,  z).  The  exciton  radius  a,-  is  estimated  as 
usual  from  a,  =  (4nh^£/e^/z,),  where  e  is  the  dielectric  con¬ 
stant,  and  where  the  other  constants  have  their  usual 
meaning.  The  reduced  masses  are  obtained  from  the  mag¬ 
netic  field  dependence  of  the  peak  position  given  by  m,-  = 
where  g  is  an  appropriate  average  over  all 
directions  =  3”‘(/i“^  +  -f  and  k  is  given  by 
The  calculated  average  exciton  mass  and  the 
exciton  radius  a^  y  defined  as  -J a ^ay ,  are  plotted  in  Fig.  3. 

The  direction  of  smallest  extension  is,  as  expected,  along 
the  growth  direction.  We  also  obtain  that  the  exciton  radius 
Oj  increases  with  decreasing  well  width.  We  interpret  this  as 
due  to  leakage  of  the  electron  wave  function  into  the  InP 
barrier.  The  average  in-plane  radius  is  almost  independent 
of  the  energy,  i.e.  the  QW  thickness,  and  its  typical  value  of 
about  5.5  nm  compares  very  well  with  the  radii  obtained  for 
QW  wires  [5]  of  8.6  nm  along  and  5.5  perpendicular  to  the 
wires.  There  the  radius  a^  was  determined  to  be  2.4  nm. 


energy  (eV) 


Fig.  3.  Exciton  radius  parallel  (a J  and  perpendicular  (a, ,)  to  the  growth 
direction  and  averaged  exciton  mass  determined  from  the  diamagnetic  shift 
of  the  luminescence  of  sample  A. 
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Table  I.  Measured  diamagnetic  shift  parameters  and  calculated  anisotropic  exciton 
radii 


position 

mj, 

“x 

a. 

sample 

(ev) 

(peV/T^) 

(peV/T^) 

(peV/T^) 

(nm) 

(nm) 

(nm) 

A 

1.12 

4.2 

3.2 

9.8 

4.9 

6.5 

2.1 

B 

1.11 

3.2 

3.5 

8.3 

5.5 

5.1 

2.5 

which  is  the  same  value  as  we  obtain  for  the  3  monolayer 
QW  case. 

Striking,  however,  is  the  observed  similarity  of  the  results 
from  samples  A  and  B,  shown  in  Table  I.  This  agreement 
suggests  that  the  homogeneity  on  the  length  scale  of  an 
exciton  does  not  depend  on  the  growth  interruption,  and 
thus  on  island  formation.  From  the  comparison  with  the 
better  defined  quantum  wire  systems,  we  are  led  to  believe 
that  the  excitonic  recombination  is  governed  by  confine¬ 
ment  effects.  From  this  we  conclude  that  the  InAs-layer  of 
sample  B  is  also  not  homogeneous.  Indeed  the  recombi¬ 
nation  consists  of  a  doublet.  For  the  slightly  stronger  high- 
energy  peak  at  1.16  eV,  we  obtain  an  in-plane  radius  of 
approximately  7  nm,  the  highest  value  of  all  the  investigated 
features. 

Unexplained  at  this  stage  is  the  fact  that  the  RHEED 
analyses  is  suggestive  of  a  2D-growth  mechanism  for  sample 
B.  This  technique  is  perhaps  only  sensitive  to  larger  scale 
features  and  does  not  resolve  short  range  fluctuations, 
which  however  could  cause  the  observed  confinement. 

We  conclude  that  the  diamagnetic  shift  of  the  magneto¬ 
luminescence  in  InAs/InP  QW,  although  tiny,  can  be  resolv¬ 
ed  by  measurements  performed  in  high  magnetic  fields.  The 
obtained  exciton  radii  are  close  to  those  observed  in 
quantum  wires  of  well-defined  size.  The  oversimplified 


model  of  an  anisotropic  effective  mass  exciton  is  found  to 
form  a  useful  basis  for  discussions.  The  origin  of  the  confine¬ 
ment,  since  it  is  observed  in  samples  grown  with  and 
without  growth  interruption  is  still  not  understood. 
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Abstract 

We  have  studied  initial  strain  relaxation  and  optical  quality  in  lattice  mis¬ 
matched  In„Gai_,As/GaAs  single  quantum  wells  as  a  function  of  In 
content,  x,  using  several  structural  and  optical  characterisation  techniques. 
Influences  of  cap  layer  thickness  on  material  qualities  were  also  examined. 
Samples  were  grown  with  solid  source  molecular  beam  epitaxy.  The  initial 
relaxation  was  predominated  by  formation  of  misfit  dislocations  for 
X  <  0.25  and  three-dimensional  (3D)  islands  for  x  >  0.3.  Both  phenomena 
were  observed  in  the  transition  region.  Presence  of  misfit  dislocations  gave 
rise  to  degraded  optical  qualities  in  terms  of  luminescence  efficiency  and 
linewidth.  In  the  case  of  3D  islanding,  the  optical  signal  was  strong  but 
broadened  or  even  split  into  several  peaks.  Critical  layer  thickness  (CLT), 
defined  as  onset  of  strain  relaxation  decreased  with  In  content.  The  x- 
dependent  CLT  was  explained  by  energy  consideration.  Capping  a  GaAs 
layer  on  a  partially  relaxed  alloy  overlayer  increased  the  residual  strain  and 
thus  improved  optical  qualities. 

It  is  well  known  that  lattice  misfit  in  semiconductor  het¬ 
erostructures,  e.g.  a  thin  InGaAs  overlayer  grown  on  a 
GaAs  substrate,  can  be  elastically  accommodated  when  the 
alloy  layer  thickness  is  less  than  a  critical  value  [1].  After 
the  critical  layer  thickness  (CLT)  is  reached,  the  structure 
relaxes  and  its  material  qualities  deteriorate.  There  have 
been  a  number  of  experimental  evidences  showing  that  the 
initial  strain  relaxation  in  this  system  is  caused  by  formation 
of  misfit  dislocations  at  the  heterointerface  when  the  In 
content,  x,  is  less  than  0.25  [2-6],  and  by  a  morphological 
change  from  two-dimensional  layer-by-layer  growth  to 
three-dimensional  (3D)  island  nucleation  for  larger  x-values 
[7-14].  Use  of  surface  sensitive  techniques,  such  as  scanning 
tunnelling  microscopy  (STM),  reflection  high  energy  elec¬ 
tron  diffraction  (RHEED)  and  transmission  electron  micros¬ 
copy  (TEM),  has  revealed  that  these  islands  can  be  either 
dislocation  free  [14]  or  nucleated  on  misfit  dislocations 
[10],  Thus  the  growth  mode  of  In,,Gai_^As  follows  the 
Stranski-Krastanov  mode  [15].  A  quantum  well  (QW) 
structure  is  formed  when  the  alloy  is  capped  by  a  GaAs 
layer.  Understanding  strain  relaxation  in  such  embedded 
structures  are  of  practical  importance,  since  they  are 
employed  in  device  structures.  The  GaAs  cap  layer  not  only 
exerts  a  strain  force  on  the  alloy  layer  same  as  the  GaAs 
substrate,  but  also  induces  In  segregation  [16].  Hence,  both 
interface  morphology  and  strain  relaxation  in  QW  struc¬ 
tures  are  different  from  those  in  thin  alloy  overlayers. 

In  this  paper  we  report  initial  strain  relaxation  and 
optical  quality  in  lattice  mismatched  In,,.Gai_;tAs/GaAs 
single  QWs  for  the  whole  In  content  range.  We  have  used 
TEM  and  photoluminescence  (PL)  to  examine  structural 
and  optical  qualities,  since  STM  and  RHEED  are  unable  to 
detect  features  on  the  interfaces  and  in  the  alloy  layer 
beneath  the  sample  surface.  Other  techniques,  such  as 


double  crystal  X-ray  diffraction,  secondary  ion  mass  spec¬ 
troscopy  (SIMS)  and  PL  excitation  etc.,  have  also  been 
used.  Since  the  spatial  resolution  of  PL  is  limited  by  the 
exciton  Bohr  diameter,  typically  about  300  A,  the  PL  is  less 
sensitive  when  there  are  small  islands  as  compared  with 
TEM  and  RHEED.  The  PL  resolution  of  measuring  strain 
relief  by  formation  of  misfit  dislocations  is  determined  from 
the  excitonic  peak  shift.  In  an  ideal  sample  with  uniform 
alloy  compositions  and  strain  relaxation,  a  peak  shift  of 
ImeV  corresponds  to  strain  relief  of  about  (Aa/a)||  = 
2  •  10““^.  Critical  layer  thickness,  defined  as  the  onset  of 
either  dislocation  formation  or  3D  islanding,  was  measured 
as  a  function  of  In  content  within  an  experimental 
resolution.  The  results  were  explained  using  energy  con¬ 
siderations.  We  also  found  that  the  GaAs  cap  layer  thick¬ 
ness  had  significant  influence  on  strain  recovery  and  optical 
quality. 

A  large  number  of  samples  were  grown  by  molecular 
beam  epitaxy  in  both  Varian  GEN  II  and  360  systems.  Cali¬ 
brations  of  growth  rates  and  alloy  compositions  were  made 
by  RHEED  oscillations.  In  each  sample  a  0.5  pm  thick 
GaAs  buffer  layer  was  first  deposited  at  580  °C.  The  growth 
temperature  was  then  reduced  to  520-530  °C  for  the  remain¬ 
ing  parts.  Both  a  pyrometer  and  a  specially  designed  probe 
[17]  were  used  to  measure  growth  temperature.  Detailed 
experimental  set-ups  for  different  diagnostic  techniques  have 
been  reported  before  [18-20]. 

Misfit  dislocations  were  directly  observed  in  plan-view 
TEM  images  at  a  initial  stage  of  relaxation  for  x  <  0.3. 
Figure  1(a)  shows  a  typical  TEM  picture  image  under  the 
two  beam  condition  of  ^(220)  for  a  partially  relaxed,  250  A 
thick  Ino.2Grao.8As/GaAs  single  QW  capped  with  a  50 A 
thick  GaAs  layer.  Misfit  dislocations  appear  as  an  array  and 
distribute  asymmetrically  along  the  two  [  +  110]  directions. 
Using  the  g  •  A  #  0  rule,  where  b  is  the  Burgers  vector  of 
misfit  dislocations,  we  identified  that  they  were  of  60°  type. 
The  asymmetric  distribution  was  also  reported  before  [4, 
21]  and  was  attributed  to  different  nucleation  rates  and 
gliding  velocities  of  a  and  P  dislocations  [22].  The  average 
distance  between  adjacent  dislocations  is  about 
0.8  +  0.3  pm,  resulting  in  a  strain  relaxation  degree  of 
(2.5  ±  1)  •  lO”'^.  Figure  1(b)  shows  PL  spectra  from  the  same 
sample  and  the  reference  sample,  which  has  a  5000  A  thick 
cap  layer  and  is  nearly  fully  strained.  For  the  relaxed  struc¬ 
ture,  the  peak  energy  shifts  to  a  lower  energy,  the  linewidth 
broadens  and  the  intensity  decreases.  These  spectral  features 
indicate  degraded  optical  quality.  The  red  shift  of  the  PL 
transition  energy  is  indicative  of  a  reduced  alloy  band  gap. 
Its  magnitude  is  nearly  proportional  to  the  residual  strain. 
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Fig.  I.  (a)  Plan-view  TEM  image  of  a  250  A  thick  In^  jGao.sAs/GaAs 
single  QW  capped  by  a  50  A  thick  GaAs  layer.  Misfit  dislocations  are 
clearly  observed  as  an  array  and  distributed  asymmetrically  along  the  two 
diagonal  directions,  (b)  Photoluminescence  spectra  from  the  same  sample 
shown  in  (a)  and  from  the  reference  sample  with  a  5000  A  thick  cap  layer, 
which  has  a  strong  and  narrow  PL-peak. 


Misfit  dislocations  trap  photo-excited  carriers  and  therefore 
the  radiative  recombination  is  reduced.  Moreover,  dis¬ 
location  formation  causes  a  non-uniform  strain  relaxation 
and  thus  broadens  the  luminescence  peak. 

For  X  ^  0.3,  3D  islands  were  observed  to  prevail  at  initial 
strain  relaxation.  Figure  2(a)  shows  a  cross-section  TEM 
image  from  Ino.36Gao.64As/GaAs  single  QWs  with  10,  20 
and  30  A  thick  alloy  layers  separated  by  200  A  thick  GaAs. 
For  the  10  and  20  A  thick  QWs,  both  upper  and  lower  inter¬ 
faces  are  flat.  The  corresponding  PL  signals  (not  shown) 
have  a  strong  intensity  and  a  narrow  linewidth.  The  30  A 


Energy  (eV) 

Fig.  2.  (a)  Cross-section  TEM  image  of  In^  .seGao.  64As/GaAs  single  QWs 
with  well  thicknesses  of  10,  20  and  30  A.  A  wavy  interface  observed  in  the 
30  A  thick  QW  indicates  the  presence  of  3D  islands,  (b)  Photoluminescence 
spectra  from  Ino.sGaj,  jAs/GaAs  single  QWs  with  4,  5  and  7  monolayer 
thick  alloy  layers  under  different  excitation  intensities.  The  3D  islanding 
starts  in  the  5  monolayer  QW.  The  related  PL  shows  a  resolved  peak  split. 


thick  QW,  however,  shows  a  flat  lower  interface,  while  the 
upper  one  is  wavy,  indicating  presence  of  3D  islands.  The 
average  size  of  these  islands  is  larger  than  200  A,  i.e.  compa¬ 
rable  to  the  exciton  Bohr  diameter.  Formation  of  3D  islands 
could  cause  strain  relaxation  [14].  This  is  non-uniform, 
large  on  top  and  in  the  middle  of  an  island  and  small  at  its 
peripheral.  Typical  PL  spectra  in  the  presence  of  3D  islands 
are  shown  in  Fig.  2(b)  from  Ino.5Gao.5As/GaAs  single  QWs 
under  different  excitation  intensities.  Three-dimensional 
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islanding  occurs  in  the  5  monolayer  thick  QW.  The  PL 
signal  is  broad  and  two  peaks  are  resolved.  The  lower 
energy  peak  dominates  at  low  excitations,  while  it  saturates 
and  the  higher  energy  peak  emerges  at  high  excitations. 
Since  the  transition  energy  in  the  island  areas  is  smaller  due 
to  a  relatively  larger  well  thickness,  the  excitons  are  easily 
trapped  in  such  areas  to  form  localized  excitons.  Increasing 
excitation  intensity  will  saturate  this  localized  exciton 
recombination  and  the  carriers  start  to  occupy  states  in 
areas  between  islands.  The  related  excitonic  transition  has  a 
higher  energy  because  of  a  thinner  well  thickness.  The  PL 
signal  then  shifts  to  a  higher  energy.  In  general,  presence  of 
3D  islands  does  not  significantly  reduce  luminescence  effi¬ 
ciency.  The  peak  split  is  resolved  when  the  average  lateral 
size  of  3D  islands  is  much  larger  than  the  exciton  Bohr 
diameter. 

Using  the  PL  and  TEM  techniques,  we  have  examined 
the  CLT  in  Inj.Gai_,tAs/GaAs  single  QWs  for  the  whole  In 
content  range.  The  results  are  summarized  in  Fig.  3.  The 
CLT  is  the  virtual  boundary  between  the  solid  dots  denot¬ 
ing  dislocation-free  two-dimensional  alloy  layer  and  the 
open  circles  (3D  islands)  or  crosses  (misfit  dislocations).  The 
initial  strain  relaxation  is  caused  predominantly  by  forma¬ 
tion  of  misfit  dislocations  for  x  <  0.25  and  by  3D  islands  for 
X  ^  0.3.  There  is  a  transition  region  for  0.25  <  x  <  0.3,  in 
which  both  features  are  concomitant.  Strain  relief  by  forma¬ 
tion  of  misfit  dislocations  was  predicted  a  long  time  ago 
[23].  Matthews  and  Blakeslee  suggested  [24]  that  misfit  dis¬ 
locations  were  formed  at  interfaces  as  kinks.  Assuming  that 
the  misfit  between  GaAs  and  InGaAs,  /,  is  accommodated 
by  both  elastic  strain,  e,  and  misfit  dislocations,  minimizing 
the  sum  of  strain  and  dislocation  energy  and  setting  e  =/ 
yield  an  expression  for  CLT,  Ljis ,  as 


A  similar  approach  is  applicable  to  the  case  of  3D  islands. 
Decrease  of  strain  energy  by  forming  3D  islands  occurs  at 
the  expense  of  increased  surface  energy.  Since  the  strain 
relief  within  an  island  is  non-uniform  and  depends  on  its 
geometrical  parameters,  it  is  not  straightforward  to  establish 
a  relation  between  the  strain  energy  and  the  characteristic 
geometrical  sizes  to  make  a  quantitative  comparison.  An 
alternative  choice  is  to  use  the  energy  balance.  The  CLT, 
L3D,  is  defined  when  the  amount  of  reduced  strain  energy 
and  increased  surface  energy  are  equal.  The  residual  strain 
at  the  CLT  then  drops  abruptly  from  the  /-value,  depending 
on  the  strain  relaxation  efficiency.  This  consideration  is 
simple  and  intuitive,  though  the  obtained  Ljo-value  could 
be  larger  than  that  from  the  energy  minimization.  The 
reduced  strain  energy  per  area,  AE^  can  be  written  as 

AE,  =  2r,GpL,^^^  (2) 


where  G  is  the  shear  modulus  and  rj  is  the  relaxation  effi¬ 
ciency  of  3D  islands.  Modelling  the  islands  as  hemispheres 
with  radius,  r,  the  increased  surface  energy  per  area,  AE^ ,  is 

A£s  =  dnr^y  (3) 


where  d  is  the  sheet  density  of  3D  islands  and  y  is  the 
surface  tension.  The  island  radius  is  related  to  film  thickness 
and  island  density  by 


r  = 


2nd  j 


(4) 


Combining  eqs  (2)-(4),  the  CLT  defined  at  the  onset  of  3D 
island  growth  follows 
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for  double-kink  misfit  dislocations,  where  b  is  edge  com¬ 
ponent  of  the  Burgers  vector,  v  is  the  Poisson  ratio  and  a  is 
a  dislocation  core  cut-off  parameter  which  is  approximately 
4.  This  is  shown  by  the  solid  line,  in  Fig.  3  which  fits 
the  CLT  for  x  <  0.3. 


In  content,  x 

Fig.  3.  Summary  of  strain  relaxation  and  CLT  in  In,Gai_,^s/GaAs  single 
QWs  as  a  function  of  In  content.  Symbols  are  experimental  data  while  the 
lines  are  the  theoretical  predictions. 


For  simplicity,  we  assume  »;  =  1,  i.e.  the  3D  islands  are  fully 
relaxed.  The  island  density  has  been  measured  by  STM 
[14].  The  results  revealed  that  the  density  was  approx¬ 
imately  proportional  to  x^.  After  substitution  of  numerical 
values  in  eq.  (5),  the  CLT  has  a  simple  dependence  on  x, 
in  A 


This  curve  is  denoted  by  L30  in  Fig.  3.  The  CLT  decreases 
with  In  content  and  is  below  the  Ljis-curve  for  x  >  0.33,  in 
good  agreement  with  experimental  observations.  It  can  be 
easily  proven  that  AE^  <  AE^ ,  after  the  overlayer  thickness 
exceeds  the  .  This  indicates  that  formation  of  3D  islands 
is  energetically  favourable.  The  dotted  line  in  Fig.  3  is  the 
CLT-curve  derived  from  the  single-kink  Matthews  model 
[25]  applicable  to  a  thin  In^^Gai  _^As  overlayer  for  compari¬ 
son. 

It  must  be  emphasized  that  the  energy  consideration  of 
strain  relaxation  is  only  a  necessary  but  not  sufficient  condi¬ 
tion.  Kinetical  barrers  often  exist  and  impede  relaxation. 
For  example,  the  Peierls-Nabarro  friction  force  [26]  is 
important  in  semiconductors  at  low  growth  temperatures. 
This  force  prevents  threading  dislocations  or  dislocation 
half-loops  from  gliding  to  forpi  misfit  dislocation  kinks  [25]. 
Surface  diffusion,  which  leads  to  3D  islanding,  also  highly 
depends  on  growth  temperature  and  growth  rate  [27].  We 
have  previously  measured  as  a  function  of  the  growth 
temperature  for  0.36  ^  x  ^  1  [19,  28,  29].  The  results 
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showed  that  the  CLT  decreased  with  increased  growth  tem¬ 
perature.  The  temperature  dependence  was  more  significant 
for  0.36  ^  X  <  0.5.  The  measured  Ljo-curve  could  be  well 
fitted  by  the  single-kink  Matthews  model  [25]  including  the 
Peierls-Nabarro  friction  force,  assuming  that  3D  islands 
nucleated  on  misfit  dislocations  [30]. 

Experimental  evidences  of  activation  of  misfit  dislocations 
in  In^jGaj  _,,As/GaAs  system  are  few.  The  only  report  [31] 
to  our  knowledge  is  from  PL  measurements  on 
In,tGai_j.As/GaAs  (0.1  ^  x  ^  0.5)  single  QWs  annealed  at 
825  °C  for  30  minutes.  The  change  of  PL  linewidth  for 
X  ^  0.2  was  within  + 1  meV  and  the  peak  shifted  to  higher 
energy  with  annealing.  Hence,  there  were  no  obvious  optical 
degradation  of  the  annealed  samples  that  could  indicate 
thermal  activation  of  misfit  dislocations.  In  fact,  both  In  dif¬ 
fusion  [32]  and  segregation  [16]  at  such  a  high  annealing 
temprature  were  significant,  resulting  in  an  inclined  QW 
potential  profile  and  thus  increased  interband  transition 
energies. 

Finally,  we  have  examined  the  effect  of  GaAs  cap  layer 
thickness  on  residual  strain  and  optical  quality.  Typical 
PL  spectra  are  shown  in  Fig.  1(b)  for  250  A  thick 
Ino.2Gao.8As/GaAs  single  QWs  with  50  and  5000  A  thick 
GaAs  cap  layers,  respectively.  Photoluminescence  spectra 
from  other  samples  with  a  cap  layer  thickness  between  50 
and  5000  A  are  shown  elsewhere  [33].  The  PL  spectra 
revealed  that  the  transition  peak  shifted  to  a  higher  energy, 
the  intensity  increased  and  the  linewidth  became  narrow 
with  increasing  GaAs  cap  layer  thickness.  These  changes 
indicated  improved  optical  quality.  The  TEM  measure¬ 
ments  showed  a  reduced  dislocation  density  and  therefore 
the  residual  strain  recovered  with  cap  layer  thickness.  It  is 
interesting  that  misfit  dislocations  do  exist  in  the  sample 
with  a  5000  A  thick  cap  layer  having  excellent  optical  qualit¬ 
ies  shown  in  Fig.  1(b).  The  average  distance  between  neigh¬ 
bouring  dislocations  was  found  to  be  larger  than  1  pm.  This 
implies  that  the  optical  qualities  do  not  necessarily  degrade 
when  there  exist  a  very  small  amount  of  dislocations.  It  also 
reveals  that  TEM  has  a  better  resolution  than  PL  in  mea¬ 
suring  strain  relaxation.  Indium  segregation  was  confirmed 
from  the  SIMS  measurements  and  was  found  significant  in 
the  thick  cap  layer  samples.  There  are  several  reasons  for 
strain  recovery  with  cap  layer  thickness.  A  thin  cap  layer 
imposes  a  tensile  strain  force  on  misfit  dislocations.  This 
force  has  a  tendency  to  push  back  the  existed  dislocation 
kinks.  The  In  segregation  gives  rise  to  reduced  In  contents 
near  the  interfaces.  The  alloy  layer  with  a  lower  In  content 
has  a  larger  ability  to  accommodate  the  misfit.  With 
increase  of  cap  layer  thickness,  the  dislocation  line  tension, 
which  is  counteracted  by  the  strain  force,  increases  [34]. 
The  residual  strain  then  recovers. 

In  conclusion,  we  have  studied  initial  strain  relaxation 
and  CLT  in  lattice  mismatched  In,,Gai_,tAs/GaAs  single 
QWs  for  the  whole  In  content  range.  Strain  relief  was  found 
by  formation  of  misfit  dislocations  for  x  <  0.25  and  of  3D 
islands  for  x  ^  0.3.  Presence  of  misfit  dislocations  and  3D 
islands  led  to  degradation  of  the  optical  quality.  The  strain 
relief  by  misfit  dislocations  was  explained  by  Matthews  and 
Blakeslee’s  mechanical  equilibrium  model.  An  expression  for 
the  CLT  based  on  the  onset  of  3D  island  growth  was 
derived  using  energy  balance  model.  The  L3i5-curve  was 
below  the  L^ij-curve  for  x  >  0.33,  in  good  agreement  with 


the  experimental  observations.  The  influence  of  the  GaAs 
cap  layer  thickness  on  residual  strain  was  found  to  be  sig¬ 
nificant.  The  residual  strain  recovered  and  optical  qualities 
improved  with  increasing  GaAs  cap  layer  thickness. 
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Abstract 

Convergent  renormalized  perturbation  series  in  powers  of  the  electron- 
electron  interaction  are  proposed  for  calculating  the  energy  of  a  quantum 
dot.  The  method  is  illustrated  by  calculating  the  ground  state  of  a  quantum 
dot  consisting  of  two  electrons  and  the  ground  state  of  exciton  in  quantum 
dot  model.  Comparison  between  the  present  results  and  those  of  an  exact 
numerical  integration  shows  the  great  accuracy  of  the  proposed  method  in 
the  whole  range  of  the  electron-electron  coupling  constant  values. 

1.  Introduction 

Recently  quantum  dots  containing  one,  two  and  more  elec¬ 
trons,  say  quantum  dot  “helium”  and  higher  “elements” 
respectively  were  created  and  investigated  [1-3].  The 
exchange  and  correlation  effects  were  shown  to  be  of  great 
importance  [4],  The  theoretical  investigation  of  the  corre¬ 
lation  effects  is  mainly  based  on  the  straightforward  numeri¬ 
cal  Hamiltonian  diagonalization  in  the  many  particle 
function  space  [4,  5].  It  is  a  rather  laborious  procedure. 

We  propose  to  treat  the  electron  system  in  the  quantum 
dot  in  more  simple  way  making  use  of  the  expansion  in  a 
power  series  in  electron-electron  (ee)  interaction.  The  corre¬ 
lation  effects  are  known  to  manifest  themselves  in  the 
second  order  of  that  expansion  already.  Actually,  the  expan¬ 
sion  is  in  powers  of  the  dimensionless  ee-interaction  coup¬ 
ling  constant  k  =  ao/ua  where  Oq  ‘s  the  characteristic 
quantum  dot  dimension,  Og  =  eh^lm*e^  is  the  Bohr  radius  in 
which  e  is  the  static  dielectric  constant  of  the  medium  in 
which  the  electrons  are  located  in  and  m*  is  the  electron 
effective  mass.  Thus,  the  effective  coupling  constant  can  be 
easily  varied  by  changing  the  confining  potential.  Typically, 
values  A  >  2  are  of  interest  experimentally. 

The  primitive  A-expansion  is  only  useful  in  the  case  of 
small  coupling  constant,  i.e.  for  vary  narrow  quantum  dots. 
In  order  to  cover  the  shole  range  of  A  values  we  constructed 
the  renormalized  A-expansion  as  was  previously  used  in  the 
case  of  the  nonparabolic  oscillator  problem  (see,  for 
example,  [6]).  The  renormalized  A-expansion  is  constructed 
by  means  of  two  orders  of  simple  A-expansion,  the  asymp¬ 
totic  expansion  for  large  A  values  and  taking  into  account 
the  scaling  properties  of  the  Schrodinger  equation. 

For  illustrative  purposes  we  considered  the  ground  state 
of  the  two  electron  system  and  electron-hole  system  in  a 
parabolic  quantum  dot  and  compared  the  obtained  results 
with  the  exact  numerical  solution.  An  agreement  within  1  % 
was  found  for  all  A  values. 
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2.  Formulation  of  the  problem 

Consider  N  electrons  in  a  two-dimensional  quantum  dot 
described  by  the  following  Schrodinger  equation 


-  — Vf  +  Vo,, 


2  r 
0  ' 


v  =  o 


(2.1) 


where  coq  is  the  confinement  frequency  parameter.  For 
future  purposes  we  will  introduce  dimensionless  units  by 
making  the  following  transformation:  1)  r-yagr,  where 
flo  =  s/h/m*(OQ ,  2)  the  energy  will  be  measured  in  hcog  units. 
Using  these  dimensionless  notations  we  obtain  the  following 
eigenvalue  problem 


-  rf)  +  AX 


1 


i<y  \r,-rj\ 


'F  =  0. 


(2.2) 


Making  use  the  perturbation  methods  the  eigenvalue  can 
be  expanded  into  power  series.  Let  us  suppose  that  we  know 
that  expansion 


E{k)  =  Eo  +  kEi+k^E2. 


(2.3) 


The  coefficients  Eg,  E^  and  £2  can  be  expressed  by  unper¬ 
turbed  one  electron  energies  in  the  parabolic  quantum  dot 


e(i)  =  1  +  I  m;  I  -I-  Irii  (2.4) 

and  the  Coulomb  matrix  elements 


=  <5... 


j.,  (5..  ... 

S|'  Sj,  Sf 


X  I  ri)(j>*{j  I  r2)0(/ 1  r2)4>{i'  \  ri) 

^5i,  Si-  ^sj,  Sj'  +  mr,  mi  ^mj',  I  +  mj 
X  mi.ni.\mjnj,  my,  riy). 


(2.5) 


m2«2 1  Wjnj ,  W4,  n4) 

/•co  Too  r2n  pilq> 

=  r  dr  r'  dr'  d(p  - ,  . — 

Jo  jo  Jo  /^2  _|.  y./2  _  2rr' 


■Jr^  -1-  —  2rr'  cos  {(p) 

X  R{mi,  ni\r)Rim2,n2\r)R{m3,  n3\r')R(m^,  n,^\r')  (2.6) 


Here  symbol  i  =  {m,- ,  Wf ,  sJ  stands  for  the  set  of  one  elec¬ 
tron  quantum  numbers. 
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The  matrix  element  should  be  calculated  with  the  oscil¬ 
lator  functions 

(l>(i\t)  =  -^c‘”“'^R{m„n,\r)  (2.7) 

y/2n 

which  can  be  expressed  via  associated  Laguerre  polynomials 
Rim,  n\r)  =  (2-8) 


3.  Renormalized  series 

It  is  obvious  that  the  two  orders  of  2-expansion  (2.3)  could 
be  useful  for  small  2  values  only.  Now  we  shall  try  to 
improve  the  convergence  of  the  obtained  2-expansion  by 
some  renormalization  procedure.  We  construct  the  renor¬ 
malized  2-expansion  following  the  procedure  described  in 
[6].  The  main  idea  of  this  renormalization  is  a  scaling  trans¬ 
formation  of  the  Schrddinger  equation  which  enables  to 
transform  the  large  2  value  problem  into  another  problem 
which  can  be  solved. 

Instead  of  considering  the  basic  eigenvalue  problem  (2.2) 
we  will  study  the  generalized  eigenvalue  problem  as  is 
described  by  the  following  Schrodinger  equation 

The  difference  between  this  equation  and  the  basic  equa¬ 
tion  is  the  additional  parameter  ^  which  is  included  in  the 
kinetic  part  of  the  Hamiltonian.  As  a  consequence  the  eigen¬ 
value  of  this  new  problem  will  be  a  function  of  two  param¬ 
eters:  2  and  It  is  clear  that  one  can  obtain  the  eigenvalue 
of  the  basic  problem  as 

£(2)  =  £(1,  2).  (3.2) 

After  performing  the  coordinate  transformation  r^J\r 
one  notices  that  the  eigenvalue  satisfies  the  following  scaling 
condition 

£(^,  2)  =  ^£(1,  2r"'").  ■  (3.3) 

This  condition  connects  the  eigenvalues  on  the  trajectory 
in  the  parameter  (^2-plane  2  =  2o  Although  according 
to  eq.  (3.2)  we  need  the  eigenvalue  on  the  line  ^  =  1  we  can 
use  the  other  suitable  value  on  the  above  trajectory.  As  a 
consequence  we  notice  that  the  problem  of  large  2  can  be 
reduced  to  the  problem  of  small  The  parameter  can  be 
considered  as  a  reciprocal  electron  mass.  Therefore,  the  lim¬ 
iting  case  of  (J  0  is  the  quasi-classical  approximation  of 
the  quantum  dot  problem  which  has  been  studied  in  [8, 9]. 

The  quasi-classical  approximation  can  be  obtained  by 
noticing  that  in  the  case  with  very  large  electron  mass,  i.e. 
when  ^-*0,  the  electrons  should  be  located  near  the 
minimum  of  the  potential.  So,  calculating  the  derivative  and 
equating  it  to  zero 


one  can  show  that  the  minimum  is  located  at  r*  ~  2*^^  and 
consequently  £(2)  ~  2^^^.  Therefore  we  shall  assume  that  the 


following  asymptotic  eigenvalue  expansion  holds 

£(2)  =  Co22/3 -t-ci.  (3.5) 

Now  we  shall  expand  the  eigenvalue  £((J,  2)  into  a  ^  and  2 
power  series  choosing  the  lowest  possible  polynomial 

£(1  -p,p)  =  bo  +  bip  +  b2P^  +  b^P^  -t-  b^p* 

=  (ho  +  bi  +  b2  +  b3  +  b^) 


-ib,+2b2  +  3b3  +  4b^)ii-P)  +  ---,  (3.6) 

The  coefficients  of  that  expansion  should  be  determined 
by  adjusting  that  expansion  to  the  eigenvalue  2-series  (2.3) 
and  to  the  quasi-classical  asymptotic  solution  (3.5).  The  only 
problem  we  are  faced  with  is  the  mapping  of  the  2  param¬ 
eter  in  the  i^2-plane.  Following  Ref  [6]  we  introduce  the 
mapping  onto  the  straight  line 

^  =  1-P, 

X  =  p.  (3.7) 

It  is  supposed  that  0  <  /?  <  1. 

So,  in  the  case  2  ->  0  we  use  the  expansion 

£(l-A^)  =  (l-)8)£(l,^j-^ 

=  £o  -b  (£i  -  Eo)P  -I-  -I-  E^p^  H - .  (3.8) 

and  in  the  case  ^  1,  the  expansion 

£(1  -P,P)  =  il-  P)e(^1, 

=  Co  +  (Ci  -  fcoXl  -/?)  +  •••.  (3.9) 

Now  comparing  eqs  (3.8),  (3.9)  and  (3.6)  we  obtain  the 
expansion  coefficients 

bo~  Rqj 

hi  =  £i  Eq  , 

bz  =  EJ2  -t-  £2 , 


ha  =  —  £0  —  4£i  —  2E2  4-  lOco/3  +  Cj, 


h4  =  £0  -I-  5£i/2  -I-  £2  -  7co/3  -  Cj  (3.10) 

and  finally  arrive  at  the  renormalized  series  for  the  con¬ 
sidered  eigenvalue  £"“(2) 


£«”  =  (1  -  p)-\bQ  -H  bip  +  b2P^  +  b^p^  +  h4n  (3.11) 


2  = 


P 

(1  -  P)^l^ 


(3.12) 


presented  in  a  parametric  way. 
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4.  Exdton  in  a  quantum  dot 

The  developed  renormalization  technique  can  be  also 
applied  to  the  exciton  in  a  quantum  dot  problem.  Actually, 
according  to  [7]  the  exciton  can  be  described  by  the  follow¬ 
ing  dimensionless  Schrodinger  equation: 

r -  i(V!  +  ko  VI  -  rl  -  k,rl)  -  X  — -  -  £(A)1'P  =  0 
L  J 

(4.1) 

where  stands  for  electron  and  hole  effective  mass  ratio 
and  ki  stands  for  the  ratio  of  squared  hole  and  electron 
confinement  potential  frequencies. 

The  eigenvalue  A-expansion  of  Eq.  (4.1)  can  be  expressed 
via  the  same  Coulomb  matrix  elements  with  differently 
scaled  electron  and  hole  wave  functions.  In  fact  it  differs 
from  expansion  (2.3)  by  A  sign  only.  The  asymptotic  behav¬ 
iour  of  exciton  equation,  however,  is  quite  different.  In  the 
case  when  A  oo  electron-hole  system  turns  into  the  free 
exciton  which  is  known  to  have  the  following  asymptotic 
eigenvalue  A-dependence : 

E{X)  =  doX^ +  d,.  (4.2) 

Due  to  the  above  asymptotic  behaviour,  for  constructing 
the  renormalized  A-expansion  the  following  generalized 
eigenvalue  problem  should  be  used: 

I  - +  ko  VI  -  +  k,rm  -  A  - £(4  A)  j'P 

=  0  (4.3) 

Performing  the  coordinate  transformation  r-^rlyf\  we 
get  the  eigenvalue  scaling  equation 

£(^,A)  =  ^£(l,Ar‘'')-  (4.4) 

Now,  following  the  procedure  described  in  the  previous 
section,  i.e.  expanding  eigenvalue  according  to  eq.  (3.6)  and 
comparing  it  with  eqs  (2.3)  and  (4.2)  with  the  aid  of  eq.  (4.4) 
we  get  the  final  renormalized  expansion: 

£""  =  (1  -  fiY\ho  +  b,p  bo  +  b^  n  (4.5) 

P  =  j(^l+4/X^-l)  (4.6) 

where  the  coefficients  are  defined  as  follows 
bo  —  £o  > 

bi  —  El  £(3 , 


bo  =  Eo-  EJl, 


bo  —  2do  +  di  —  £q  2£i  —  XEo , 


b^  —  £o  -l-  3£j/2  -t-  £2  —  do  —  di, 


(4.7) 


5.  Numerical  illustration  and  conclusions 

In  order  to  illustrate  the  accuracy  of  the  above  A-expansion 
we  applied  that  technique  to  the  system  of  two  electrons  in 


a  parabolic  quantum  dot  for  which  there  exist  exact  results 
to  which  we  may  compare  our  approximate  results  (see,  for 
example  [10]).  Indeed  introducing  center-of-mass  coordi¬ 
nates  /?  =  (1*1  -I-  ro)!!  and  relative  coordinates  r  =  Ti  —  to 
one  can  separate  the  variables  and  reduce  the  two  electron 
problem  (2.2)  into  two  one-particle  equations  which  can  be 
easily  integrated. 

Now  let  us  consider  the  corresponding  A-expansion. 
Knowing  the  ground  state  configuration  /nj  =  m2  =  «!  = 
n2  =  0  and  taking  eq.  (2.4)  into  account  we  have  £0  =  2. 
The  first  order  correction  can  be  expressed  as 

El  =  £o(00,  00 1 00, 00)  =  (5.1) 


The  second  order  correction  is 


£2 


RfQni,  00 1 00,  liio) 

m.ni  2(ni  +  n2 -I- 1/|) 


-0.345. 


(5.2) 


The  prime  indicates  that  the  term  with  I  —  rii  =  no  =  0 
should  be  omitted. 

We  should  notice  that  equating  Ui  or  no  to  zero  in  eq. 
(5.2)  one  gets  the  second  order  Hartree-Fock  correction.  For 
the  ground  state  it  is  £f^  =  —0.105.  Comparing  it  with  £2 
we  see  that  the  Hartree-Fock  contribution  covers  only  the 
half  of  the  second  order  correction  what  confirms  that  the 
correlation  energy  is  important. 

The  asymptotic  expansion  coefficients  (3.5)  were  calcu¬ 
lated  by  finding  the  minimum  of  the  potential  and  approx¬ 
imating  it  by  the  corresponding  parabolic  quantum  well. 
Those  coefficients  are  Cq  =  3/2*^^  and  Cj  =  ^/3/2. 

Applying  the  considered  technique  to  the  model  exciton 
problem  of  electron  and  hole  having  the  same  masses  and 
confining  frequencies  we  used  the  same  A-expansion  (with 
the  opposite  A  sign).  We  also  used  the  asymptotic  expansion 
coefficients  do  =  —I  and  di  =  1.  The  first  coefficient  follows 
from  free  exciton  consideration  and  the  second  one  is 
caused  by  the  center-of-mass  motion. 

Making  use  eqs  (3.10)  and  (4.7)  the  renormalized  expan¬ 
sion  coefficients  were  calculated.  All  results  are  shown  in 
Fig.  1  for  two  electron  system  case  and  in  Fig.  2  for  exciton 
case.  Notice  that  the  simple  A-expansion  can  be  successfully 


X 

Fig.  I.  The  two  electrons  ground  state  energy  versus  ee-interaction  plot:  1 
-  exact  numerical  result,  2  -  asymptotic  expansion,  3  -  first  order  X- 
expansion,  4  -  second  order  2-expansion,  5  -  renormalized  2-expansion. 
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X 

Fig.  2.  The  exciton  ground  energy  versus  eh-interaction  plot.  Legend  is  the 
same  as  in  Fig.  1. 

used  in  the  A  <  1  region,  but  for  A  ^  1  it  diverges  away  from 
the  exact  result.  It  is  seen  that  in  both  cases  the  agreement 
of  the  renormalized  expansion  with  the  exact  result  is  better 
than  1%  for  all  A- values.  The  same  coincidence  of  the  renor¬ 


malized  expansion  with  the  exact  result  were  obtained  for 
excited  states  too. 
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Abstract 

We  investigate  the  spin  splitting  of  the  Landau  bands  (LB’s)  in  a  confined 
two-dimensional  electron  gas  (2DEG)  using  the  Hartree-Fock  approx¬ 
imation  (HFA)  for  the  mutual  Coulomb  interaction  of  the  electrons.  The 
exchange  term  of  the  interaction  causes  a  large  splitting  of  the  spin  levels  of 
a  LB  whenever  the  chemical  potential  lies  between  them.  These  oscillations 
of  the  splitting  with  the  filling  factor  of  the  LB’s  are  conveniently  inter¬ 
preted  as  an  oscillating  enhancement  of  the  effective  g-factor,  g*.  The 
reduction  of  g*  when  a  LB  is  becoming  completely  filled  is  accompanied  by 
a  spontaneous  formation  of  a  static  spin-density  wave  state  whose  details 
depend  on  the  system  size  and  temperature. 

1.  Introduction 

The  enhancement  of  the  effective  ^-factor,  g*,  of  a  2DEG  in 
the  quantum  Hall  regime  has  been  studied  experimentally 
and  theoretically  by  several  researchers  [1].  Ando  and 
Uemura  [2]  presented  a  model  of  an  unbounded  2DEG 
where  the  broadening  of  the  Landau  levels  due  to  impurity 
scattering  is  treated  in  the  self-consistent  Born  approx¬ 
imation  (SCBA).  The  dielectric  function  is  calculated  with 
the  inclusion  of  the  lowest  order  exchange  energy  of  the 
screened  Coulomb  interaction  in  the  self-energy  of  the  elec¬ 
trons.  For  a  strong  magnetic  field  the  overlapping  of 
Landau  levels  with  different  indices  is  neglected.  In  addition 
to  the  enhancement  of  g*  the  exchange  interaction  can  lead 
to  the  spontaneous  formation  of  spin-density  [3]  or  charge- 
density  waves  [4,  5]  in  two-dimensional  electron  systems. 

The  instability  of  the  spin-density  wave  in  wide  parabolic 
quantum  wells  has  been  studied  by  Brey  and  Halperin  using 
a  modified  HFA  with  a  point-contact  exchange  interaction. 
They  find  a  divergence  of  the  electric  susceptibility  in  the 
presence  of  a  magnetic  field  of  intermediate  strength  parallel 
to  the  quantum  well  and  an  infinitesimal  fictions  magnetic 
field  perpendicular  to  the  quantum  well  [6].  This  spin- 
density  wave  state  has  a  wavevector  along  the  quantum  well 
parallel  to  the  intermediate  magnetic  field  and  occurs  only 
when  the  quantum  well  is  wide  enough  and  the  exchange 
interaction  has  a  strength  larger  than  a  critical  value. 
Kempa  et  al.  have  investigated  the  spontaneous  polarization 
of  an  array  of  quantum  dots  into  a  ferroelectric  or  anti- 
ferroelectric  state  [7]. 

Here  we  shall  study  the  spin  splitting  of  LB’s,  the  oscil¬ 
lations  of  g*,  and  the  formation  of  spin-density  wave  state  in 
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a  strictly  two  dimensional  mesoscopic  2DEG  system  in  a 
perpendicular  magnetic  field  of  intermediate  strength.  We 
thus  observe  a  spontaneous  spatial  dependent  polarization 
of  the  2DEG  within  one  mesoscopic  system  of  the  size  of  a 
quantum  dot.  We  investigate  the  effects  of  the  finite  size  of 
the  system  on  the  LB’s  in  the  absence  of  any  impurity  scat¬ 
tering  of  the  electrons.  The  system  size  is  chosen  to  be  of  the 
order  of  several  magnetic  lengths  I  =  ,Jhcl{eB).  The  LB’s  in 
the  center  of  the  system  do  then  approach  flat  Landau  levels 
indicating  that  an  electron  in  the  center  does  not  feel  the 
boundary.  We  are  thus  able  to  observe  effects  caused  by  the 
finite  size  of  the  system  and  the  bulk  character  of  some  of 
the  electron  states  together  with  the  fine  interplay  of  these 
two  effects  characteristic  to  mesoscopic  systems.  To  accom¬ 
plish  these  goals  the  mutual  Coulomb  interactions  of  the 
exactly  two-dimensional  electrons  in  several  LB’s  are 
included  in  the  Hartree-Fock  approximation  at  finite  tem¬ 
perature.  The  effects  of  the  exchange  interaction  on  the 
screening  of  a  simple  Coulomb  impurity  by  the  2DEG  have 
been  discussed  elsewhere  [8]. 


2.  Model 

We  consider  strictly  two-dimensional  electrons  to  model 
qualitatively  a  real  heterostructure  where  the  2DEG  is  con¬ 
fined  to  the  lowest  electrical  subband.  The  2DEG  is  con¬ 
fined  to  a  disk  of  radius  R  in  the  2D-plane  by  a  potential 
step 

=  Coj^exp  >  (1) 

where  Ar  =  22  A.  To  ensure  charge  neutrality  of  the  system 
a  positive  back-ground  charge  resides  on  the  disk 

Mr)  =  ij^l^exp  +  1 J  .  (2) 

with  the  average  electron  density  of  the  system  given  by 
fij  =  NJ{nR^).  In  the  Hartree-Fock  approximation  the  state 
of  each  electron  is  described  by  a  single-electron  Schrod- 
inger  equation 

{ffo  +  V^r)  +  KUr)}nr)  - 1 d^r'A(r-,  Ur)  (3) 
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for  an  electron  moving  in  a  Hartree  potential 

K  J  k-r'l 
and  a  nonlocal  Fock  potential  with 


(4) 


(5) 


where  /(s^  —  p)  is  the  Fermi  distribution  at  the  finite  tem¬ 
perature  T.  n,(r)  is  the  electron  density 


(6) 


with  the  chemical  potential  p.  The  label  a  represents  the 
radial  quantum  number  n,,  the  angular  quantum  number 
M,  and  the  spin  quantum  number  s  =  ±\.  is  the  single 
particle  Hamiltonian  for  one  electron  with  spin  in  a  con¬ 
stant  perpendicular  external  magnetic  field  [9,  10].  A 
Landau  band  index  n  can  be  constructed  from  the  quantum 
numbers  n,  and  M  as  n  =  ( |  M  |  -  M)/2  -I-  n, .  The  Landau 
levels  of  with  energy  ^  ,  =  hcofn  -t-  i)  -I-  sg*(pB/h)B 
are  degenerate  with  respect  to  M  with  the  degeneracy  «o  = 
{2nF)~^  per  spin  orientation,  pg  is  the  Bohr  magneton  (eft/ 
2mc).  The  filling  factor  of  the  Landau  levels  is  defined  by 
V  =  hjno  =  2nfhs .  It  assumes  even  integer  values  when  an 
even  number  of  spin  Landau  levels  is  filled.  The  cyclotron 
frequency  is  given  by  co^  =  eB/{tnc).  Hartree-Fock  energy 
spectrum  s,  and  the  corresponding  wave  functions  are  now 
found  by  solving  (3)-(6)  iteratively  in  the  basis  [10-12]  of 
The  chemical  potential  p  is  recalculated  in  each  iter¬ 
ation  in  order  to  preserve  the  total  number  of  electrons  N,. 
The  number  of  basis  functions  used  in  the  diagonalization  is 
chosen  such  that  a  further  increase  of  the  subset  results  in 
an  unchanged  density  njf). 


3.  Results 

The  calculations  are  carried  out  with  GaAs  parameters: 
m*  =  O.OfiTffie,  K  —  12.4,  and  g*  =  —0.44.  The  occupation  of 
the  LB’s  is  varied  by  changing  at  a  constant  strength  of 
the  magnetic  field  B  =  3.0  T.  Since  the  radius  of  the  system 
R  >  1000  A  is  much  larger  than  the  magnetic  length  / » 
148  A  and  the  effective  Bohr  radius  aj  «  97.9  A  we  can  use 
the  average  filling  factor  v  =  2Tifhs  to  describe  the 
occupation  of  the  lower  bands  in  the  interior  of  the  system. 
The  cyclotron  energy  ftco^  a  5.2  me V,  so  a  sufficient  height 
of  the  confining  potential  is  Uq  =  80meV  in  order  to 
include  several  LB’s  in  the  calculation.  For  B  =  3.0T  the 
bare  spin  splitting  of  the  LB’s  {g*pBlh)B  »  0.016meW  is 
much  smaller  than  their  separation  ftco^  and  corresponds  to 
the  thermal  energy  kgT  eAT  x  0.9  K. 

Figure  1  shows  the  energy  spectra  of  the  electrons  for  4 
different  values  of  JV^  at  T  =  10  K.  For  N,  =  48  the  chemi¬ 
cal  potential  p  is  located  between  the  two  lowest  almost 
spin  degenerate  LB’s.  When  increases  states  of  the  LB 
with  quantum  numbers  (n  =  1,  s  =  -1-1/2)  become  occupied 
and  drop  below  p  until  around  =  62  all  the  bulk  states  of 
that  LB  are  occupied  and  are  well  separated  from  the  empty 
LB  with  the  same  Landau  level  index  n  but  opposite  spin 
s  =  — 1/2.  Further  increase  in  brings  the  bulk  states  of 
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M  M 

Fig.  I.  Energy  spectra  and  chemical  potential  n  (horizontal  dashed  line). 
The  total  number  of  electrons  JV,  is  indicated  in  each  subfigure.  T  =  10.0  K, 
R  —  1000 A,  Vf)  =  SOmeV,  and  B  =  3.0 T.  GaAs  bulk  parameters:  m*  = 
0.067mo,  K  =  12.4,  g*  =  -0.44. 


this  second  LB  all  below  p  drastically  reducing  the  spin 
splitting.  The  root  mean  square  g-factor,  g*^  for  the  lowest 
three  LB’s  is  seen  in  Fig.  2,  where  the  splitting  of  the  LB’s 
has  been  interpreted  as  the  normal  Zeeman  spin  splitting 
{g*PB/h)B  with  an  effective  g-factor.  gf„^  clearly  takes  on  the 
bare  value  of  0.44  for  even  integer  filling  factor  v,  when  an 
equal  number  of  spin  up  and  down  states  are  occupied.  On 
the  other  hand  g*^g  peaks  whenever  v  assumes  values  in  the 
neighborhood  of  odd  integers,  then  p  lies  between  two  spin 
LB’s  with  the  same  n.  The  unequal  number  of  spin  up  and 
down  states  then  leads  to  different  exchange  energies  for  the 
two  different  spin  directions  [2].  The  enhancement  of  the 
0-factor  is  well  known  from  Shubnikov-de  Haas  experi¬ 
ments  and  the  concurrent  splitting  of  all  the  Landau  levels 
has  been  established  in  optical  measurements  [13], 


Filling  factor 

Fig.  2.  g’!^^  as  a  function  of  the  average  filling  factor  v  for  T  =  1 K  (solid), 
and  10  K  (dashed).  Other  parameters  are  as  in  Fig.  1. 
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We  have  discovered  quite  an  interesting  phenomenon 
whenever  is  increased  such  that  v  is  changing  from  an 
odd  integer  to  an  even  integer  value,  that  is  when  the  spin 
splitting  of  the  LB’s  is  closing  down.  This  situation  is  dis¬ 
played  in  Fig.  3  for  the  lowest  LB.  This  apparent  twisting  of 
the  LB’s  is  repeated  for  a  narrower  range  of  v  or  for  /i  in 
higher  LB’s.  Figure  4  showing  the  total  density  n/r)  and  the 
electron  density  for  each  spin  direction  separately  confirms 
that  a  static  spin-density  wave  state  forms  spontaneously  in 
the  system  concurrently  with  the  twisting  of  the  LB’s. 

An  important  difference  of  the  present  spin-density  wave 
state  in  the  2D  plane  to  the  one  parallel  to  B  investigated  by 
Brey  and  Halperin  [6]  is  the  fact  that  the  wavelength  of  the 
present  modulation  varies  strongly  with  v.  This  is  caused  by 
the  strong  dependence  of  the  effective  interaction,  or  the 
screening,  in  the  2D  plane  on  v  [10,  14-16].  One  might 
expect  the  enhancement  of  g*  and  the  spin-density  wave 
state  to  interfere  with  the  formation  of  incompressible 
regions  of  the  2DEG  seen  in  the  model  of  McEuen  et  al. 
[16]. 

To  exclude  numerical  deficiencies  we  have  tested  the  sta¬ 
bility  of  the  spin-density  structures  by  increasing  the 
number  of  basis  states  included  in  the  numerical  calculation. 
The  exact  shape  and  formation  of  the  spin-density  waves 
state  does  depend  on  the  size  of  the  system  emphasizing  that 
we  are  observing  a  confined  spin-density  wave  state  here 
[8].  In  larger  systems  the  spin-density  wave  occurs  sponta¬ 
neously  together  with  a  charge-density  wave  that  dominates 
for  stronger  magnetic  fields.  Brey  and  Halperin  can  inhibit 
the  formation  of  a  charge-density  wave  state  in  their  model 
by  keeping  the  exchange  interaction  not  too  strong  [6].  Cal¬ 
culations  at  a  much  higher  temperature  (T  =  100  K)  show 
no  sign  of  any  spin  splitting  since  the  thermal  energy  is  then 
much  larger  than  the  Zeeman  energy  and  of  the  same  order 
as  the  separation  of  the  LB’s,  •  The  spin-density  wave  is 
better  developed  and  exists  for  a  larger  region  of  v  for  10  K 
than  1 K.  At  the  higher  temperature  the  occupation  of  the 
different  spin  orientations  is  almost  the  same,  such  that 
small  perturbations  to  the  Landau  levels  can  have  large 


r  (nm)  r  (nm) 

Fig.  4.  The  electron  density  n,(r)  x  10*  nm^  for  both  spin  directions  (solid), 
spin  up  s  =  + 1/2  (dashed),  and  spin  down  s=  — 1/2  (dotted)  as  functions 
of  the  radius  r  of  the  system.  Other  parameters  are  as  in  Fig.  1. 


Fig.  3.  Energy  spectra  and  chemical  potential  g  (horizontal  dashed  line). 
The  total  number  of  electrons  N,  is  indicated  in  each  subfigure.  Other 
parameters  are  as  in  Fig.  1. 


effects  in  the  self-consistent  evaluation  of  the  LB’s.  The 
exchange  interaction  reduces  the  Coulomb  repulsion 
between  electrons  of  opposite  spin  orientation,  and  thus 
favors  the  spontaneous  formation  of  a  spin-density  wave. 
The  reduced  dimensionality  of  the  electron  gas  strengthens 
the  electron-electron  interaction  and  gives  the  spatial  order¬ 
ing  of  the  spins  an  extra  weight  in  the  competition  with  the 
effects  of  the  magnetic  field  that  tend  to  order  the  spins  all 
in  the  same  direction.  At  much  higher  temperatures  thermal 
excitations  make  states  in  neighboring  LB’s  accessible  for 
rearrangement  of  the  2DEG  to  neutralize  any  forces  that 
might  otherwise  lead  to  splitting  of  LB’s  or  spatial  varia¬ 
tions  of  the  spin  or  charge  densities. 


4.  Summary 

In  a  mesoscopic  system  of  a  confined  2DEG  we  have  been 
able  to  demonstrate  both  bulk  effects  and  phenomena 
caused  by  the  finite  size  of  the  system,  in  the  absence  of  any 
impurity  scattering  of  the  electrons.  The  2D  system  is  large 
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enough  so  that  the  LB’s  approach  flat  Landau  levels  for  low 
values  of  the  angular  quantum  number  M.  This  can  be 
interpreted  as  the  formation  of  2D  bulk  states  inside  the 
system.  The  ensuing  singular  density  of  states  together  with 
the  exchange  interaction  causes  the  well  known  oscillations 
of  the  energy  separation  of  the  LB’s  with  the  same  Landau 
level  index  n  but  opposite  spin  orientations  as  a  function  of 
the  filling  factor  v.  Here  we  have  seen  that  the  enhancement 
of  g*  occurs  not  only  in  the  LB  where  p.  is  located  but  in  all 
the  LB’s  included  in  the  model.  Similar  behavior  has  been 
established  in  optical  measurements  of  a  2DEG  by  Kukush¬ 
kin  [13].  In  a  large  system  of  2D  electrons  the  state  of 
homogeneous  density  becomes  unstable  and  a  charge- 
density  wave  forms  spontaneously  [4,  5,  17].  In  a  small 
system  the  formation  of  such  a  wave  is  energetically  unfa¬ 
vorable,  but  becomes  possible  with  an  increasing  system 
size.  Here  we  observe  the  spontaneous  formation  of  concen¬ 
tric  circular  regions  of  different  spin  phases  whenever  the 
spin  splitting  of  the  LB’s  is  closing  down  with  an  increasing 

V  at  a  low  temperature.  The  shape  of  this  spin-density  wave 
depends  on  the  size  of  the  system,  the  temperature,  and  the 
filling  factor  v,  such  that  the  wavelength  decreases  as  v 
approaches  an  even  integer.  With  an  increasing  size  of  the 
system  the  spin-density  wave  acquires  properties  of  a 
charge-density  wave.  In  the  extreme  quantum  limit  (when 

V  ->  0)  no  such  phase  separation  is  observed  in  the  Hartree- 
Fock  approximation  and  only  one  spin  state  is  occupied. 

Whether  this  formation  of  a  spin-density  wave  state  in  the 
HFA  for  finite  systems  is  physical  has  to  be  investigated  in 
higher  order  approximations.  As  the  Hartree-Fock  approx¬ 
imation  does  not  describe  the  broadening  of  nearly  degener¬ 
ate  Landau  levels  due  to  the  Coulomb  interaction  correctly, 
it  can  be  expected  that  this  approximation  overemphasizes 
the  importance  of  the  exchange  interaction  between  the  elec¬ 
trons,  so  one  might  speculate  whether  approximations  of 
higher  order  would  decrease  the  enhancement  of  the  spin 
splitting  or  alter  the  occurance  of  the  spin-density  wave 
state. 

In  order  to  limit  the  approximations  needed  for  the 
electron-electron  interaction  we  have  chosen  the  system  to 
be  strictly  two-dimensional,  this  certainly  precludes  quanti¬ 


tative  comparison  with  experimental  results  and  the  qualit¬ 
ative  validity  of  the  model  in  the  limit  of  a  2DEG  with  a 
finite  thickness  has  to  be  established.  Models  of  2DEG  in 
quantum  dots  of  finite  thickness  seem  to  indicate  the  qualit¬ 
ative  applicability  of  such  calculations  as  far  as  the  electric 
subbands  are  well  separated  [18]. 

The  present  results  give  an  indication  what  to  expect  in 
optical  measurements  of  the  properties  of  a  2DEG  in  lightly 
doped  quantum  wells  and  heterostructures,  but  calculations 
of  the  cyclotron  resonance  or  the  plasmonic  structure  of  the 
model  are  necessary  in  order  to  compare  with  experimental 
data. 
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Abstract 

In  a  mid-plateau  situation  there  exists  a  reversible  uphill  flow  (in  the  direc¬ 
tion  of  the  Hall  field  E^)  of  the  electron  liquid  with  the  current  density  J,i,|  . 
Inelastic  processes  cause  excitations  to  be  scattered  downhill  with  the 
current  density  J„e.  •  which  satisfies  the  condition  -I-  =  0.  The 

conversion  at  the  edge  of  the  reversible  uphill  flow  to  the  dissipative  down¬ 
hill  flow  is  mediated  by  the  edge  states.  It  is  shown  that  transverse  circula¬ 
tion  of  electrons  implies  the  temperature  independence  of  the  ratio 
where  pji”  's  the  minimal  value  of  the  longitudinal  resistivity  at 
the  given  temperature  T,  and  =  p,,(T)  —  p,y(0). 


1.  Introduction 

Superimposed  on  the  longitudinal  transport  current  I  there 
is  a  transverse  circulation  of  electrons.  This  circulation  con¬ 
sists  of  two  opposite  flows:  a  reversible  uphill  flow  of  the 
electron  liquid  and  an  irreversible  downhill  flow  of  excita¬ 
tions.  In  the  uphill  flow  electrons  move  in  the  direction  of 
the  Hall  field  Ey ,  so  this  flow  implies  the  storage  of  potential 
energy.  The  driving  field  for  the  uphill  flow  is  the  longitudi¬ 
nal  electric  field  £,.  The  downhill  flow  of  excitations  can 
take  place  only  via  phonon  emission.  Therefore,  in  a  steady 
state,  this  flow  dissipates  potential  energy  at  the  same  rate 
as  it  is  stored  by  the  uphill  flow.  In  ordinary  conduction  the 
work  done  by  the  driving  field  is  initially  stored  as  kinetic 
energy,  which,  subsequently,  is  dissipated  at  the  same  rate  as 
it  is  stored.  It  is  one  of  the  remarkable  features  of  the 
quantum  Hall  effect  that  it  is  potential  energy  rather  than 
kinetic  energy  which  is  stored  and  dissipated. 

In  a  steady  state,  conservation  of  electrons  implies  that 
the  rate  at  which  electrons  enter  the  edge  region  by  the 
reversible  uphill  flow  must  be  equal  to  the  rate  at  which 
they  leave  the  edge  region  by  the  irreversible  downhill  flow. 
Considering  a  mid-plateau  situation,  where  the  Fermi  level 
lies  between  the  vth  and  the  v  -I-  1th  Landau  level,  the  con¬ 
version  mechanism  is  the  following:  as  a  result  of  the  uphill 
flow,  edge  states  in  the  vth  and  lower  Landau  levels,  which 
for  /  =  0  were  unoccupied,  will  now  be  filled  up  to  such  an 
extent  that  electrons  tunnel  (or  are  inelastically  scattered) 
into  states  in  the  almost  empty  v  -f-  1th  Landau  level  at  the 
rate  required  to  obtain  a  steady  state. 


2.  The  downhill  flow  of  excitations 

Initially  we  focus  on  a  region  of  the  sample,  the  shaded 
region  in  Fig.  1,  which  is  far  away  from  source  and  drain 
(and  other  contacts)  and  which  has  a  width  Ly,  which  is 
much  larger  than  the  magnetic  length,  but  still  so  small  that 
the  Hall  field  can  be  treated  as  constant  within  the  region. 


Later  we  shall  discuss  the  conditions  prevailing  in  the  edge 
regions. 

Experiments  show  that  the  longitudinal  resistivity 
increases  dramatically  when  the  Fermi  level  lies  in  the 
region  of  the  extended  states.  This  shows  that  scattering 
processes  among  extended  states  are  much  more  efficient 
than  scattering  between  localized  states.  At  very  low  tem¬ 
peratures  the  longitudinal  conductivity  is  determined  by 
scattering  between  localized  states,  but  at  somewhat  higher 
temperatues  there  is  a  regime  where  scattering  between 
extended  states  dominates  entirely  [1],  and  it  is  this  regime 
we  shall  discuss  in  the  following.  The  regions  with  extended 
states  have  small  but  finite  widths.  However,  we  shall  use 
the  approximation  where,  at  /  =  0,  the  extended  states  of  a 
given  Landau  band  all  have  the  same  energy. 

The  density  of  excitations  (electrons  in  the  v  -f  1th 
Landau  level,  and  holes  in  the  vth  Landau  level)  is  exponen¬ 
tially  small  in  the  regime  we  consider.  Blocking  of  scattering 
processes  because  of  the  Pauli  principle  can  therefore  be 
neglected.  The  density  of  electrons  in  extended  states  in  the 
V  -I-  1th  Landau  level  is 

«e  =  «v+i  */(ev+i)==:"v+i  exp  (1) 

where  n„+i  is  the  density  of  extended  states  in  the  v  -t-  1th 
Landau  level  and  /  is  the  Fermi  fuction.  Correspondingly 
the  density  of  holes  in  the  vth  Landau  level  is 

n*=;n„exp^-^^^^j  (2) 

In  the  current  carrying  state,  because  of  the  Hall  field,  the 
Landau  levels  become  tilted  such  as  indicated  in  Fig.  2, 


Fig.  1.  Geometry  of  the  sample.  The  current  I  is  flowing  in  the  x-direction. 
The  magnetic  field  points  in  the  z-direction  and  the  Hall  field  is  pointing  in 
the  negative  y-direction,  i.e.  Ey  <  0. 
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Fig.  2.  Landau  levels  for  /  #  0.  The  Fermi  level,  /i  =  lies  between  the 
vth  and  the  v  +  1th  Landau  level. 


which  depicts  the  energy  of  the  extended  states  (of  the  vth 
and  the  v  +  1th  Landau  level)  as  a  function  of  their  centre  of 
mass  coordinate  yj  =  <i  |  y  |  «>  =  j  'Pfy'I'i  dx  dy.  We  con¬ 
sider  the  scattering  of  an  electron  from  the  state  |  i>  to  the 
state  I  j>  in  the  v  -l-  1th  Landau  level.  Since  the  energy  Sj  is 
smaller  than  e,- ,  energy  conservation  requires  the  emission  of 
a  phonon  with  the  energy  hco^  =  Ci  —  Sj=  —  y,)  = 

e\Ey\(yj  —  yi).  The  stated  scattering  process  carries  the  elec¬ 
tron  the  distance  yj  —  y;  in  the  y-direction.  Because  of  dis¬ 
order,  which  breaks  the  lattice-translational  invariance, 
crystal  momentum  is  not  conserved.  The  reversed  process, 
where  by  the  absorption  of  a  phonon,  an  electron  is  scat¬ 
tered  from  the  state  I;)  to  the  state  |  i>,  is  less  probable  than 
the  original  process,  because  whereas  the  probability  for 
phonon  emission  is  proportional  to  (n,  +  1),  the  probability 
for  phonon  absorption  is  proportional  only  to  n, ,  where 
is  the  average  number  of  phonons  of  the  given  kind.  This 
asymmetry  between  emission  and  absorption  implies  that 
the  overall  transverse  motion  (due  to  inelastic  scattering 
processes  of  the  electrons  in  the  v  -1-  1th  Landau  level)  is 
downhill,  i.e.  in  the  direction  of  the  y-axis.  More  specifically 
the  probability  per  second  for  the  process  |  i>  |  j>  can  be 
written  as 

=  +  (3) 

where  (except  for  a  constant)  is  the  absolute  square  of  a 
matrix  element,  which,  via  the  electron-phonon  interaction, 
connects  the  two  states.  And  where,  according  to  Fig.  2, 
/(Sj)  =/(ej).  The  probability  per  second  for  the  process 
(;>  ->  1 1>  is 

Pji  =  KjJ{ej)ll-m-]n^  (4) 

with  Kij  =  Kji .  It  is  seen  that 

Py  -  P,,  =  Ky  /(e,)C1  -/(£;)]  ^  Xy  /(fi;)  (5) 


showing  that  the  overall  contribution,  from  scattering  pro¬ 
cesses  between  any  two  states  |/>  and  I;),  to  the  downhill 
motion  of  the  electrons,  is  proportional  to  the  occupational 
probability  and  thus  to  the  density  of  electrons  n^  in  the 
V  -I-  1th  Landau  level.  Since  the  current  density  of  these  elec¬ 
trons  can  be  written  as  ngPgEyC,  we  conclude  that  the  trans¬ 
verse  mobility  must  be  independent  of  the  temperature. 
The  same  holds  for  the  mobility,  ,  of  the  holes  in  the  vth 
Landau  level.  Electron-electron  interaction  does  not  con¬ 
tribute  to  the  downhill  flow  because  if  one  electron  is  scat¬ 
tered  a  certain  distance  downhill  energy  conservation 
requires  that  another  electron  is  scattered  the  same  distance 
uphill.  Using  (1)  and  (2)  we  find  the  following  expression  for 
the  transverse  excitation  current  density 


3.  The  uphill  flow  of  the  electron  liquid 

In  a  standard  Hall  bar  experiment  the  total  transverse 
current  must  be  zero.  At  finite  temperatures  the  system  can 
satisfy  this  requirement  only  by  establishing  a  longitudinal 
electric  field  E^ .  Let  us  start  by  discussing  the  influence  of  a 
finite  longitudinal  field  within  the  free  electron  model,  where 
the  basis  consists  of  wavefunctions  each  of  which  is  a 
product  of  a  plane  wave  in  the  x-direction  and  a  harmonic 
oscillator  wave  function  in  the  y-direction.  The  centre  of 
mass  coordinate,  yo ,  of  the  oscillator  wave  function  is  deter¬ 
mined  by  the  momentum  in  the  perpendicular  direction 


_  Px  l^y 
eB  co^B' 


(7) 


However,  for  E^  #  0,  is  no  longer  a  constant  of  motion. 
Instead  we  have 


(8) 


which  by  use  of  (7)  implies 
^  df  eB  dt  B 


(9) 


meaning  that  the  entire  electron  system  moves  to  the  left  in 
Fig.  2,  i.e.  in  the  negative  y-direction.  The  presence  of  a 
finite  longitudinal  field  results  in  a  reversible  transverse 
uphill  flow  of  the  electron  liquid.  The  current  density  associ¬ 
ated  with  this  flow  is 

eB  E  e^ 

Ju^=n{-e)Vy  =  v  —  e^  =  vjE,.  (10) 


This,  of  couse,  is  not  very  surprising,  because  the  very 
essence  of  the  QHE,  at  T  =  0,  is  precisely  that  the  electron 
liquid  responds  to  the  presence  of  an  electric  field  with  a 
current  density  which  is  perpendicular  to  that  field  [2].  At 
finite  temperatures  the  electron  liquid  responds  in  the  same 
way,  but  now  the  scattering  of  excitations  also  contributes 
to  the  total  current  density.  For  T  0  the  longitudinal  field 
E^  is  finite.  Unavoidably,  therefore,  the  current  density 
associated  with  the  flow  of  the  electron  liquid  must  have  a 
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component  which  is  perpendicular  to  the  x-axis,  and  which 
is  given  by  (10). 

As  we  pass  a  given  transport  current  /  through  the 
system,  it  responds  by  generating  a  Hall  field.  The  presence 
of  the  Hall  field  causes  excitations  to  be  scattered  downhill, 
so  that  a  transverse  current  density  results.  To  obtain  a 
steady  state  the  system  is  bound  to  establish  a  longitudinal 
electric  field  with  such  a  strength  that  cancels  . 


equal  to  the  rate  of  dissipation  per  unit  area  Jg,,..  = 

Ey .  The  role  played  by  kinetic  energy  in  ordinary  con¬ 
duction,  in  the  quantum  Hall  effect  is  played  by  the  poten¬ 
tial  energy. 


6.  The  temperature  independence 


•^liq.  +  •^exc.  =  '' +  -^exc.  =  0  (11) 

4.  Steady  state  conditions  at  the  edges 

In  order  to  make  a  circulation  out  of  the  two  opposite  flows 
^ind  Jiiq. ,  we  must  consider  what  happens  at  the  edges. 
Consider  for  example  the  edge  that  is  below  in  Fig.  1  and  to 
the  left  in  Fig.  2.  By  the  uphill  motion  of  the  electron  liquid, 
this  edge  region  receives  electrons  at  the  rate  Jn^Je  per  unit 
length.  To  obtain  a  steady  state,  electrons  must  leave  the 
edge  region  at  the  same  rate.  Electrons  leave  the  edge  region 
by  scattering  and  tunnel  processes  in  the  vth  and  the  v  -I-  1th 
Landau  level.  In  the  vth  level  it  is  more  convenient  to 
describe  the  matter  in  terms  of  holes,  meaning  that  electrons 
are  scattered  out  of  the  edge  region  at  the  rate  |  |/e  per 

unit  length,  where  is  the  hole  contribution  to  the  exci¬ 
tation  current  density.  To  account  for  the  flow  of  electrons 
in  the  v  -I-  1th  Landau  level  we  must  invoke  the  edge  states. 
Edge  states  in  the  vth  and  lower  Landau  levels,  which  for 
/  =  0  were  unoccupied,  will  now  be  filled  up  to  such  an 
extent  that  electrons  tunnel  (or  are  inelastically  scattered) 
into  states  in  the  almost  empty  v  -i-  1th  Landau  level  at  the 
rate  required  to  obtain  a  steady  state,  i.e.  at  the  rate  Ju^Je 
—  I  Jew'  1/^  per  unit  length.  In  this  way  electrons,  which 
came  up  the  hill  by  the  reversible  motion  of  the  electrons  in 
the  vth  and  lower  Landau  levels,  are  circulated  back 
(downhill)  across  the  sample  via  the  dissipative  electron- 
phonon  processes  taking  place  within  the  v  -I-  1th  Landau 
level.  At  the  other  edge  the  electrons  coming  downhill 
tunnel  or  are  scattered  into  empty  states  of  the  vth  and 
lower  Landau  levels. 

5.  Energy  conversions 


In  terms  of  conductivities  the  requirement  that  the  total 
transverse  current  must  be  zero  takes  the  form  0  = 

From  (11)  and  (6)  it  follows  that  is  equal  to 
the  expression  in  the  bracket  on  the  right  side  of  equation 
(6).  Suppose  we  can  vary  p,  say  by  changing  the  electron 
density.  We  can  then  determine  the  value  of  p  that  mini¬ 
mizes  <7,cx  •  We  find 


implying 


(14) 


ffxi”  =  2e(n,  ■  •  p,  •  exp 


(15) 


We  now  want  to  determine  Aoy^  =  ayJ[T)  —  (Ty;c(0)  at  the 
value  of  p,  where  is  minimal.  In  the  free  electron  model 
a  filled  Landau  level  gives  rise  to  a  current  density  J,  = 
e^lh  {—Ey).  If  all  the  extenced  states  in  a  Landau  band  are 
occupied,  again,  because  of  the  compensation  theorem  [3], 
we  have  the  same  current  density.  Therefore,  if  the  extended 
states  of  the  v  -I-  1th  Landau  level  were  all  filled,  they  would 
contribute  to  the  current  density  by  the  amount  e^/h  (—Ey). 
However,  since  only  the  fraction  exp  —  (£„+i  —  p/kT)  of 
these  state  is  occupied  we  get  the  contribution  e^jh  exp 
—  (Ev+i  —  p/kT)  {—Ey).  Similarly,  the  presence  of  holes  in 
the  V  the  Landau  level  reduces  the  current  density  by  the 
amount  e^/hexp{—fi  —  e„/kr)  {—Ey).  Thus  it  follows  that 
the  current  density  at  the  finite  temperature  T  is  changed 
relative  to  the  zero  temperature  case  by  the  amount 


AJ^ 


V  fcF  , 


{-Ey)  (16) 


Let  us  start  by  considering  ordinary  conduction  in  a  wire. 
The  rate  of  work  done  by  external  sources  is  •  /,  where 
is  the  voltage  drop  along  the  wire.  This  work  is  initially 
stored  in  the  form  of  kinetic  energy  of  the  electrons. 
However,  in  a  steady  state,  because  of  friction,  this  kinetic 
energy  is  dissipated  at  the  same  rate  as  it  is  stored.  Then 
consider  the  quantum  Hall  effect.  In  this  case  the  rate  of 
work  done  by  external  sources  is 

Vj^-I  =  L,E,-LyVj\Ey\  (12) 

The  reversible  uphill  flow  of  the  electron  liquid  stores  poten¬ 
tial  energy  at  the  rate 

J,,^,‘\Ey\  =  vjEJEy\  (13) 

per  unit  area.  This  rate  is  equal  to  the  rate  of  work  per  unit 
area  •  IjL^  Ly ,  showing  that  all  the  work  is  initially 
stored  as  potential  energy.  In  a  steady  state  the  rate  (13)  is 


We  have  AJ^  =  AOy^  {—Ey),  where  we  have  used 
—<j,cy  =  ^yx  ■  From  (14)  and  (16)  it  then  follows  that 


X  exp 


+ 1  ^v\ 

2kT  ) 


Using  that 
Apxy  Aa„ 


we  find 

Pxx"  2kLn, -pfc 


(17) 


(18) 


which  is  temperature  independent  because  the  mobilities  are 
temperature  independent. 
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1.  Discussion  and  conclusions 

The  QHE  displays  several  interesting  non-local  elfects  [4], 
One  might  therefore  question  the  meaningfulness  of  apply¬ 
ing  a  local  relationship  between  the  electric  field  and  the 
current  density.  However,  in  a  recent  investigation  [5],  it 
has  been  argued  that  a  considerable  part  of  the  transport 
current  flows  in  the  bulk,  and  that  here  there  exists  a  quasi¬ 
local  relationship  between  the  electric  field  and  the  current 
density,  when  the  Fermi  level  lies  in  a  region  with  localized 
states.  In  the  valleys  and  around  the  mountains  of  the  dis¬ 
order  potential,  we  have  circulating  currents,  which  are 
completely  unrelated  to  the  macroscopic  electric  field, 
induced  by  the  transport  current.  Let  /q  denote  the  current 
density  associated  with  these  circulating  currents  for  the 
7  =  0  case.  For  7^  0,  we  can  then  define  the  excess  current 
density  /  =  —  Jq,  and  it  is  this  excess  current  density, 

which,  in  the  bulk,  as  a  reasonable  approximation,  can  be 
linearly  related  to  the  macroscopic  electric  field  at  the  same 
place. 

Although  the  values  of  and  Ap^y  increase  rapidly 
with  temperature,  it  has  been  found  experimentally  [6]  that 
their  ratio  is  independent  of  temperature  down  to  the 


0.01  ppm  level  of  accuracy.  Only  an  argument  which,  essen¬ 
tially,  involves  no  approximations  can  explain  such  an  accu¬ 
racy.  Therefore,  the  present  theory  is  unable  to  explain  this 
staggering  accuracy. 

The  picture  of  a  transverse  circulation  of  electrons,  super¬ 
imposed  on  the  longitudinal  transport  current,  provides  a 
physical  interpretation  of  the  experimentally  imposed  con¬ 
dition  Jy  =  Oy^Ej,  +  a^^Ey  =  0  by  the  identifications: 

^nd  J,iq  =  OyxE^,  and  by  explaining  how  the 
two  flows  are  converted  into  each  other  at  the  edges.  Trans¬ 
verse  circulation  of  electrons  also  applies  to  the  FQHE, 
except  that  in  this  case  the  excitation  current  is  carried  by 
quasi-electrons  and  quasi-holes. 
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Abstract 

Optically  detected  magnetic  resonance  measurements  of  the  effective 
g-value  (g*)  of  electrons  in  type-I  Ga,,Ini_rAs/InP  quantum  wells  are  pre¬ 
sented.  The  observation  of  spin  resonance  on  the  circularily  polarized  lumi¬ 
nescence  is  explained  in  terms  of  recombination  in  a  one-side  p-modulation 
doped  quantum  well  and  spin  thermalization.  Quantum  confinement 
changes  the  electron  effective  g-value.  It  further  induces  a  strongly  aniso¬ 
tropic  g-tensor.  A  calculation  for  the  g|-component  agrees  well  with  the 
experimental  data,  but  the  anisotropy  can  be  explained  only  qualitatively. 

Introduction 

Spin-orbit  coupling  in  semiconductors  leads  within  k  •  p- 
theory  to  the  definition  of  the  effective  ^-factor  g*  [1,  2], 
The  motivation  for  this  is  very  much  the  same  as  that  for 
the  definition  of  the  effective  mass  m*.  As  m*  describes  the 
influence  of  the  crystal  potential  on  the  space  coordinates  of 
an  electron,  and  their  time  derivatives,  g*  represents  the 
effect  of  the  crystal  potential  on  the  spin  coordinates.  Equiv¬ 
alently  to  the  effective  mass  it  describes  the  semiconductor’s 
band  structure.  The  band  structure  is  well  known  for  most 
bulk  semiconductors,  but  it  is  less  thoroughly  understood 
in  low-dimensional  structures  (quantum  wells,  quantum 
wires,  quantum  dots).  This  understanding  can  be  obtained  by 
measuring  the  band  structure  parameters  m*  and/or  g*, 
which  are  then  compared  with  theory,  e.g.  k  '/j-calculations. 

It  is  well  known  that  magnetic  resonance  techniques,  such 
as  electron  spin  resonance  (ESR)  and  cyclotron  resonance 
(CR),  allow  the  most  precise  determination  of  g*  and  m*. 
However  for  reduced  dimensionality  several  obstacles  are 
encountered.  First,  the  reduction  of  sample  volume  increases 
the  demands  on  sensitivity  making  optical  detection  neces¬ 
sary  (optically  detected  ESR  (ODESR)  [3]  and  optically 
detected  CR  (ODCR)  [4]).  Second,  scattering  increases  with 
decreasing  size  of  the  low  dimensional  structure,  thus  ren¬ 
dering  the  measurement  more  imprecise.  Here  ESR  seems  to 
be  less  affected  than  CR  [5].  Furthermore  the  role  of  CR 
can  be  questioned,  when  the  size  of,  e.g.,  a  quantum  dot  is 
smaller  than  the  cyclotron  radius. 


The  main  drawback  of  ODESR,  however,  originates  from 
the  prerequisite  for  observing  the  spin  resonance:  it  is  the 
introduction  of  spin  transitions  within  the  lifetime  of  the 
radiatively  recombining  carriers.  For  the  standard  ODESR 
technique  using  cw  microwaves  the  time  needed  for  indu¬ 
cing  a  spin  transition  is  experimentally  limited  to  be  larger 
than  0.1  ps.  Only  a  few  experimental  results  of  ODESR  are 
existing,  which  have  been  obtained  for  type-II  superlattices 
[6-9].  Here  the  electrons  and  holes  are  separated  in  real 
space.  This  separation  of  the  carriers  leads  to  optical  life 
times  in  the  microsecond  range.  However,  in  the  technologi¬ 
cally  important  type-I  (direct  in  space)  QW  systems,  like 
A4Gai_,jAs/GaAs  or  InP/Ini_,Ga^As,  such  investigations 
have  in  general  failed,  since  the  radiative  recombination 
times  are  too  small. 

In  type-I  QW’s  longer  lifetimes  can  be  obtained  in 
samples  to  which  an  electric  field  perpendicular  to  the  QW 
plane  was  applied  by  means  of  electrical  contacts  [10].  This 
is,  however,  incompatible  with  the  ODESR  technique  using 
a  microwave  cavity.  We  used  instead  a  single-sided,  p- 
modulation  doping  for  creating  an  electric  field  and  thus 
reducing  the  radiative  recombination  rates.  The  data  for 
electron  gr*-values  in  Gao.47Ino.53As/InP  QWs  show  a  clear 
dependence  of  g*  on  QW  width  and  a  strong,  confinement- 
induced  anisotropy  of  the  g-tensor.  In  this  article  we  focus 
on  how  circular  polarization  of  the  photoluminescence  (PL) 
is  connected  to  the  spin  states  and  how  the  magnetic 
resononance  signal  is  detected. 

Experimental 

The  Ga^Ini_,tAs/InP  single  QW  samples,  or  samples  con¬ 
taining  several  QWs  of  different  thicknesses,  used  in  this 
investigation  have  been  grown  by  low  pressure  metal  organic 
vapour  phase  epitaxy  at  620  °C  on  semi-insulating  InP  :  Fe 
as  described  elsewhere  [11].  The  QWs  were  lattice  matched 
(xqj  =  0.47)  with  varying  QW  thickness  (d).  The  structure  is 
the  same  for  all  samples:  the  QW  is  grown  on  top  of  a 
400  nm  InP  buffer  layer  followed  by  a  5nm  spacer  and  a 
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single-sided  p-modulation  doping,  a  10  nm  layer  with  an 
acceptor  concentration  of  1-2  x  10^®cm“^,  and  finally  a 
60  nm  capping  layer. 

The  PL  was  excited  by  an  Ar"^  laser  operating  at  514  nm 
with  typical  incident  power  densities  0. 1-0.3  W/cm^.  The  PL 
was  dispersed  with  a  f/0.22m  double  grating  spectrometer 
and  detected  with  a  Ge  photodiode  cooled  to  77  K.  The 
degree  of  circular  polarization,  i.e.  the  difference  of  right- 
(ff'*')  and  left-circularly  (a”)  polarized  components  of  the 
PL,  (ff'*'  —  O’")  was  analysed  by  a  photoelastic  modulator 
and  a  linear  polarizer  placed  in  front  of  the  monochro¬ 
mator.  The  samples  were  immersed  in  pumped  LHe  at 
~1.6K.  They  were  located  in  an  open  TEqh  cylindrical 
microwave  cavity,  itself  placed  in  the  center  of  a  4T  split  coil 
superconducting  magnet.  The  ODESR  experiments  were 
carried  out  by  applying  24  or  36  GHz  microwaves,  scanning 
the  magnetic  field  and  recording  (o-*^  —  o’")  of  distinct  PL 
features  in  Faraday  configuration  using  the  monochromator 
as  band  pass  filter  with  2-8  meV  band  width. 

Results 

The  PL  spectra  from  all  the  Gao.47Ino.53As/InP  QWs  were 
determined  by  single  peaks  at  energies  between  0.83  eV 
(d  =  15  nm)  and  0.89  eV  (d  =  6nm).  Full  peak  width  at  half 
maximum  were  between  8meV  and  15meV  respectively. 
These  PL  features  are  due  to  direct  recombination  of  free 
carriers  between  the  first  electron  and  heavy  hole  subbands. 
Excitons  are  quenched  because  of  the  two-dimensional  hole 
gas  present  in  the  QWs  [12].  Due  to  the  one  side  modula¬ 
tion  doping  induced  electric  field  the  energies  of  the  PL 
peaks  are  slightly  shifted  away  from  the  values  usually 
observed  in  symmetrical  QWs  of  this  material  system. 

When  applying  a  magnetic  field  a  circular  polarization  of 
the  PL  was  observed.  The  degree  (a —  o’")  of  this  circular 
polarization  was  linearly  dependent  on  magnetic  field  for 
fields  below  2  T.  It  was  below  4%  at  a  field  of  1 T.  When 
measuring  —  <r")  as  a  function  of  magnetic  field  at  1.6 
and  4.2  K,  the  slope  at  4.2  K  was  typically  0.7  times  the  one 
at  1.6  K. 

Switching  the  microwaves  on,  the  ODESR  was  observed 
as  a  resonant  decrease  in  the  (o"^  —  o")  signal  at  a  certain 
field.  This  resonant  magnetic  field  changed  when  rotating 
the  sample  through  an  angle  6  from  B||<001>,  i.e.  parallel  to 
the  QW  axis  with  0  being  zero,  towards  B||<110>,  i.e.  lying 
in  the  QW  plane.  As  an  example  the  ODESR  spectra  of  a 
10  nm  wide  Gao.47lno  53As/InP  QW  are  shown  in  Fig.  1  for 
four  angles  0.  The  maximum  angle  of  detection  was  between 
70°  and  80°,  since  the  projection  of  (a''"  —  <t")  along  the 
direction  of  detection  decreased  with  increasing  angle.  Here 
(o’'^  —  (t")  is  defined  with  respect  to  the  QW  axis. 

Using  the  resonant  magnetic  field  the  constant 

microwave  energy  AE^^  the  g-values  were  calculated  in  spin 
S  =  5  formalism  by  the  relation  is  the 

Bohr  magneton).  The  g-values  as  a  function  of  0  were 
analysed  using  the  standard  expression  for  a  g-tensor  in 
axial  symmetry; 

g*i0)  =  y/g*^  COS^  0  +  gl^  sin^  0.  (1) 

A  fit  to  the  experimental  g-values  for  the  10  nm  wide 
Gao.47lno  sjAs/InP  QW  is  shown  in  the  inset  of  Fig.  1, 
where  gj  has  been  used  as  the  free  parameter.  In  this 


Magnetic  field  (T) 

Fig.  I.  ODMR  (36  GHz)  detected  on  the  magnetic  circularly  polarized  PL 
of  a  lOnm  Gap  .,,Ino  ssAs/InP  SQW  at  T  =  1.6K  for  four  different  angles. 
The  inset  shows  the  anisotropy  of  g*.  Solid  circles  are  experimental  data 
and  the  solid  line  is  a  fit  using  the  expression  for  axial  symmetry  (see  text). 

manner  values  for  gf^  and  gf  were  obtained  for  lattice 
matched  QWs  with  thicknesses  between  6  and  15nm,  as 
well  as  for  a  quasi  three-dimensional  d  =  lOOnm  thick  refer¬ 
ence  layer.  The  results  are  summarized  in  Fig.  2. 

With  varying  quantum  confinement  the  absolute  values  of 
g|  and  g^ ,  as  well  as  the  ratio  gff/g*  changed.  In  the  quasi 
three-dimensional  case  a  g*  =  4.01  ±  0.04  resonance  was 
obtained.  The  resonance  was  isotropic  within  the  experi¬ 
mental  uncertainty.  With  increasing  quantization  the  aniso¬ 
tropy  increases  to  gf/g*  =  4  for  d  =  6  nm,  the  thinnest  QW 
for  which  ODESR  could  be  observed. 

Discussion 

For  an  explanation  of  the  experimental  findings  we  first 
look  at  the  band  structure  of  the  (InGa)As/InP  QWs. 
Quantum  confinement  lifts  the  four  fold  degeneracy  of  the 
valence  band  edge  pushing  the  first  heavy  hole  states 
\J,  Mj>  =  if,  +|>  above  the  highest  light  hole  state 
jj,  Mj>  =  ||,  +f>.  The  ff'*'  (cr")  component  of  the  .  PL 
originates  from  transitions  from  the  |  S,  Mf}  =  |  ^,  —  (|  j, 

-|-y»  electron  state  to  the  Mj  =  —  |  (-t-|)  heavy  hole  state 


Fig.  2.  9*  (solid  circles)  and  gf  (open  circles)  for  different  well  widths  in 
Gao.47Ino.53As/InP  QWs.  The  solid  line  is  the  result  of  a  calculation  (see 
text). 
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[13]  (see  Fig.  3).  The  heavy  hole  is  the  only  occupied  hole 
state.  In  case  of  equal  population  in  the  M j  =  +  f  and 
Ms  =  +  2  Kramers  doublets  the  PL  does  not  show  circular 
polarization,  since  the  and  c”  components  have  equal 
transition  probability.  With  a  magnetic  field  electrons  and 
holes  will  thermalize  into  the  lowest  of  the  Zeeman  split 
states  respectively,  and  are  hence  polarized.  However,  the 
ratio  of  the  hole-  (P^)  and  electron-polarization  (PJ  is  deter¬ 
mined  by  Ph/Pe  =  const  x  gt,2kT/g^Ep  [14],  where  kT,  g^^ 
and  g^  are  the  thermal  energy,  hole-  and  electron  g-value 
respectively.  We  estimate  the  Fermi  energy  £p  for  the  two 
dimensional  hole  gas  {N^  x  10^^  cm~^)  to  be  5-20 meV.  It  is 
therefore  certainly  larger  than  kT  a0.14meV.  Thus  the 
hole  polarization  can  be  neglected,  and  only  the  population 
difference  within  the  electron  Kramers  doublet  gives  rise  to 
circular  polarization  of  the  PL. 

This  population  difference  is  a  necessary  condition  for 
performing  spin  resonance.  However,  the  photo  generated 
electrons  at  the  conduction  band  edge  seem  to  thermalize 
only  partly,  before  recombining  radiatively.  In  case  of  equi¬ 
librium  the  —  (7~)-signal  would  at  low  magnetic  fields 
be  proportional  to  [14].  This  was  not  found  in  our 
experiments.  Under  magnetic  resonance  conditions  the 
induced  spin  transitions  transfer  population  from  the  Mg  = 
—  5  to  the  Ms  =  -1-5  states  and  hence  alter  the  —  a ~)- 
signal.  Here  the  Ms  =  —  2  state  is  lowest  in  energy,  since 
and  a~  are  connected  to  Ms  =  —  i  and  states  respec¬ 
tively,  and  (ff'*'  —  <r”)  >  0.  From  the  resonant  magnetic  field 
the  g-value  is  calculated.  Its  sign  can  also  be  derived:  The 
sign  of  the  magnetic  field  with  respect  to  detection  direction, 
in  our  case  negative,  leads  to  negative  ^-values. 

The  observed  anisotropy  in  the  spin  resonance  signal 
could,  in  accordance  with  previous  studies  of  type-II 
systems,  be  taken  as  evidence  for  a  hole  spin  resonance  [7, 
8].  For  heavy  holes  an  analysis  for  the  |J,  Mj>  =  ||,  ±f> 
states  gives  0*  =  4  and  g*  =  0  [7,  9].  The  discrepancy 
between  the  present  results  and  these  values  is  therefore  a 
strong  indication  that  holes  are  not  involved.  Furthermore 
the  Fermi  level  of  the  holes  is  located  several  meV  below  the 
valence  edge.  A  hole-resonance  (at  k  =  kp)  is  highly  unlikely 
since  the  magnetic  resonance  is  detected  on  the  band  edge 
PL  {k  =  0).  Here  both  hole  spin  states  are  occupied  render¬ 
ing  spin  resonance  impossible. 


B  =  0  B5t0 


Fig.  3.  The  valence-  and  conduction  band  edges  in  spin  representation 
with  and  without  magnetic  field.  The  circular  components  a*  and  a~  are 
the  radiative  transitions  relevant  in  our  experiments. 


The  observation  of  ODESR  signals  in  type-I  QW  struc¬ 
tures  is  apparently  facilitated  by  the  spatial  separation  of 
the  electron  and  hole  wave-functions  caused  by  the  single¬ 
sided  modulation  doping.  Self-consistent  calculations  of 
overlap  integrals  give  an  increase  of  approximately  two 
orders  of  magnitude,  corresponding  to  an  increase  of  the 
optical  lifetime  from  the  intrinsic  «lns  to  »0.1ps,  the 
region  where  spin-flip  transitions  can  be  made  to  occur. 
Another  possible  reason  may  be  the  admixture  of  p-type 
states  in  the  pure  spin-up  and  spin-down  s-type  wave- 
functions  of  the  conduction  band  due  to  the  electric  field, 
k  ‘  p  interaction  and  inversion  asymmetry  [15].  This  could, 
in  principle,  lead  to  a  relaxation  of  the  pure  magnetic  dipole 
selection  rules  and  an  increased  spin-flip  probability 
through  electric  dipole  spin  transitions.  Time-resolved  mea¬ 
surements  to  further  elucidate  this  question  are  in  progress. 

The  experimental  technique  used  in  this  investigation  is 
based  on  an  occupation  difference  in  the  spin  population.  It 
is,  however,  well  known  that  the  relaxation  of  the  electronic 
spin  polarization  is  accompanied  by  a  build  up  of  a  nuclear 
spin  polarization  via  flip-flop  processes  (Overhauser  effect) 
[16].  The  result  is  that  the  polarized  nuclei  produce  a  mag¬ 
netic  field  that  introduces  a  shift  of  the  spin  resonance  posi¬ 
tion.  An  estimate  [17],  including  Ga-,  As-  and  In-nuclei, 
gives  in  our  case  a  10  mT  shift,  being  within  the  experimen¬ 
tal  uncertainty  of  g*. 

Bulk  k  '  p  theory  can  explain  qualitatively  the  depen¬ 
dence  of  the  experimental  3*-values  on  QW  width,  as  well 
as  the  large  anisotropy  of  the  g-tensor.  In  this  first,  quasi 
three-dimensional  approach  interface-  and  asymmetric 
potential  effects  on  the  spin  splitting  [18]  are  neglected.  gf\ 
reads: 

^  =  1  _  —  p^f - 1 - 

go  3m  V2(£g  +  Fei  -  ■^hhi) 

_ 1 _ 1 

2(£g  -f  £51  —  £ihi)  (£g  -I-  £ei  —  £sh 

and  gf : 

^  =  i-Ap/ _ 1 _ 1 _ 

go  3m  V(£g  +  £ei  - -Eihi)  {Eg  +  E.^-EJ 

where  in  the  0*-values  for  non-degenerate  heavy-  and  light- 
hole  bands  [2]  the  bandgap  energy  £g,  the  valence  band 
spin  orbit  splitting  E^y,  and  two  dimensional  subband  ener¬ 
gies  have  been  used.  The  subband  energies  E^y,  £hhi  and 
£ii,i  for  the  lowest  electron,  heavy-  and  light-hole  states 
respectively  were  determined  for  a  flat  QW  potential.  Equa¬ 
tions  (2)  and  (3)  explain  the  increase  of  gf^  and  towards 
zero.  The  difference  of  equations  (2)  and  (3)  describes  the 
anisotropy  of  the  g-tensor: 

2  1 _ I 

go  3m  V(^^g  + -Eel  -  ^^hhi)  (£g  +  -  ^ihi) 

It  increases  with  decreasing  QW  width.  However,  the  calcu¬ 
lated  0*-values  deviate  by  up  to  30%  from  the  experimental 
values.  A  calculation,  including  either  higher  order  terms  in 
k  or  using  a  Kane-model,  was  done  by  Ivchenko  et  al.  [19] 
for  the  GaAs/(AlGa)As  system.  Adapted  to 
Gao.47lno  sjAs/InP  it  can  lead  to  a  better  fit.  It  still  does 
not  include  interface-  and  asymmetric  potential  effects  on 
the  spin  splitting. 
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Therefore  we  used  a  more  realistic  model  for  calculating 
the  gf||-values  as  a  function  of  QW  width  in  the 
Gao.47lno  sjAs/InP  system  [20].  It  leads  to  quantitatively 
good  agreement  with  the  experimental  data  (see  Fig.  2).  In 
this  self-consistent,  sub-band  calculation  an  8  x  8  Kane- 
Hamiltonian  is  used.  In  the  calculation  of  the  spin-splitting, 
the  Zeeman  interaction,  the  effects  of  the  asymmetric  poten¬ 
tial,  and  the  interface  effects,  are  taken  into  account.  The 
material  parameters  are  taken  from  Ref.  [21],  and  the  bulk 
Zeeman  splitting  factor  g*  =  —4A  was  chosen  to  fit  the 
experimental  data.  The  agreement  with  experiment  is  quite 
satisfactory,  bearing  in  mind  that  the  inversion-asymmetry 
spin-splitting,  proportional  to  k^,  has  not  been  taken  into 
account.  It  is,  however,  a  difficult  task  to  calculate  the 
value,  since  an  accurate  choice  of  basis-functions  is  non¬ 
trivial. 

The  contributions  of  asymmetric  potential-  and  interface 
effects  to  the  spin  splitting  deserve  a  closer  look :  First,  in  an 
asymmetric  QW  potential  the  energy  levels  differ  from  the 
values  for  a  flat  QW.  This  introduces  corrections  of  the  g*- 
values.  This  can  be  viewed  as  an  indirect  effect.  Second,  the 
asymmetric  potential  and  the  Gao.47Ino.53As/InP  interfaces 
directly  induce  a  spin  splitting  [18].  This  we  will  refer  to  as 
electrically  induced  spin  splitting.  Both  contributions  cause 
also  the  g(*-value  in  the  100  nm  QW  to  deviate  from  the  true 
Gao.47lno,53As  bulk  value.  Therefore  we  could  not  directly 
use  this  experimental  value  as  a  parameter  in  our  calcu¬ 
lations.  Instead  we  found  g*  =  —4.1  to  be  a  reasonable  bulk 
value.  This  is  in  agreement  with  the  value  suggested  in  ref. 

[22]  using  electrically  detected  spin  resonance  in  a  2DEG, 
but  is  quite  different  from  |  ^*  |  =  5.2  value  reported  in  Ref. 

[23] . 

In  our  calculations  the  electrically  induced  spin  splitting 
renders  the  0*-values  to  be  strongly  dependent  on  magnetic 
field  at  low  fields.  Since  our  measurements  at  24  GHz  and 
36  GHz  gave  identical  results  we  conclude  that  we  are  safely 
above  this  magnetic  field  region.  The  electrically  induced 
spin  splitting  could,  in  fact,  be  the  reason  for  the  weak 
I  gf*  I  =  5.6  signal  observed  in  a  lattice-matched  15  nm  QW 

[24] ,  where  low  microwave  frequencies  have  been  used.  This 
is  supported  by  an  independent  investigation  on  exactly  the 
same  sample  in  which  an  electron-hole  separation  in  the 
QW  was  reported  [25].  Another  reason  for  their  result  may 
be  that  they  measured  on  a  bound  electron  state. 

In  conclusion,  we  have  measured  the  conduction  band 
spin  splitting  in  type-I  Gao.47lno  53As/InP  QWs.  This  was 
possible  due  to  a  one  sided  p-modulation  doping,  which  fur¬ 
thermore  related  the  circular  polarization  of  the  PL  to  the 
electrons  only.  The  mechanisms  for  observing  spin  reson¬ 
ance  are  explained  in  detail.  The  clear  dependence  of  the  g* 


on  quantum  confinement  has  been  described  theoretically. 
Quantum  confinement  further  induced  a  strong  anisotropy 
of  the  g-tensor.  However,  gf  could  not  be  calculated  suffi¬ 
ciently  exact. 
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Abstract 

Electro-static  potentials  for  samples  with  the  topology  of  a  ring  and  pen¬ 
etrated  by  an  Aharonov-Bohm  flux  are  discussed.  The  sensitivity  of  the 
electron-density  distribution  to  small  variations  in  the  flux  generates  an 
effective  electro-static  potential  which  is  itself  a  periodic  function  of  flux. 
We  investigate  a  simple  model  in  which  the  flux  sensitive  potential  leads  to 
a  persistent  current  which  is  enhanced  compared  to  that  of  a  loop  of  non¬ 
interacting  electrons.  For  sample  geometries  with  contacts  the  sensitivity  of 
the  electro-static  potential  to  flux  leads  to  a  flux-induced  capacitance.  This 
capacitance  gives  the  variation  in  charge  due  to  an  increment  in  flux.  The 
flux-induced  capacitance  is  contrasted  with  the  electro-chemical  capac¬ 
itance  which  gives  the  variation  in  charge  due  to  an  increment  in  an 
electro-chemical  potential.  The  discussion  is  formulated  in  terms  of  charac¬ 
teristic  functions  which  give  the  variation  of  the  electro-static  potential  in 
the  interior  of  the  conductor  due  to  an  increment  in  the  external  control 
parameters  (flux,  electro-chemical  potentials). 

1.  Introduction 

In  this  work  we  discuss  the  electro-static  potential  in  the 
interior  of  small  mesoscopic  conductors  with  the  topology 
of  a  ring  (see  Fig.  1).  An  Aharonov-Bohm  flux  (AB-flux) 
penetrates  the  hole  of  the  loop.  Typically  the  electron- 
density  distribution  in  such  a  loop  is  non-uniform  and  is  a 
sensitive  function  of  the  AB-flux.  The  nonuniform  density 
generates  an  electro-static  potential  which  is  also  a  function 
of  the  flux.  We  introduce  a  characteristic  potential  i;(r) 
which  gives  the  variation  of  the  electro-static  potential  in 
the  interior  of  conductors  in  response  to  an  increment  of  the 


Fig.  1.  (a)  Ring  with  a  lead  connected  to  an  electron  reservoir  with  an 
electro-chemical  potential  (b)  The  ring  is  separated  by  an  insulator  from 
a  second  conductor  (gate)  which  is  connected  to  an  electron-reservoir  at  an 
electro-chemical  potential  ■ 


AB-flux.  We  investigate  a  simple  example  of  a  one¬ 
dimensional  loop  structure  (see  Fig.  2)  which  permits  a  solu¬ 
tion  for  the  characteristic  potential  t;(r).  This  example 
provides  a  demonstration  that  interaction  can  enhance  the 
persistent  current  above  its  value  in  the  absence  of  inter¬ 
actions.  The  characteristic  potential  r(r)  is  used  to  define  a 
flux-induced  capacitance  which  is  the  ratio  of  the  charge 
increment  on  the  conductor  divided  by  the  increment  in 
flux.  The  flux-induced  capacitance  is  an  odd  (periodic)  func¬ 
tion  of  flux.  For  samples  with  contacts  we  introduce  a  char¬ 
acteristic  potential  u(r)  which  gives  the  variation  of  the  local 
potential  inside  the  conductor  in  response  to  an  increment 
of  an  electro-chemical  potential  at  a  contact.  This  character¬ 
istic  function  allows  the  evaluation  of  the  electro-chemical 
capacitance.  The  electro-chemical  capacitance  is  an  even 
periodic  function  of  flux  with  period  =  hc/e.  The  electro¬ 
chemical  capacitance  can  be  measured  with  the  help  of 
small  time-dependent,  oscillating  voltages  applied  to  a  capa¬ 
citor.  The  flux-induced  capacitance  is  measured  by  applying 
a  small  oscillatory  flux  superimposed  on  a  steady  state  AB- 
flux. 

Recent  work  [1]  by  Thomas,  Pretre  and  this  author  on 
the  admittance  of  mesoscopic  capacitors  emphasized  the 
need  to  distinguish  between  electric  and  electro-chemical 
capacitances.  Capacitance  coefficients  are  not  electro-static 
entities  determined  by  the  geometry  of  the  sample  alone  but 
are  electro-chemical  quantities  which  depend  on  the  proper¬ 
ties  of  the  conductor  [2].  The  non-geometrical  contributions 
to  the  capacitance  coefficients  arise  due  to  the  fact  that  elec¬ 
tric  fields  impinging  on  a  conductor  are  not  screened  imme¬ 
diately  at  the  surface  of  the  conductor  but  penetrate  over  a 
distance  of  a  screening  length  into  the  “bulk”  of  the  conduc¬ 
tor  [3].  Clearly  field  penetration  is  very  important  for  meso¬ 
scopic  conductors  [1]  since  one  or  more  dimensions  of  such 


Fig.  2.  Normal  electron  ring  which  is  via  a  tunneling  barrier  with  capac¬ 
itance  C  connected  to  a  short  wire  (stub)  of  finite  length. 
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a  small  system  might  in  fact  be  comparable  to  a  screening 
length!  A  dramatic  demonstration  of  the  non-geometrical 
nature  of  capacitances  is  given  by  Chen  et  al.  [4]  who  show 
that  magnetic  fields  can  completely  quench  certain  elements 
of  a  capacitance  tensor. 

In  samples  without  transmission  the  capacitance  coeffi¬ 
cients  are  an  equilibrium  phenomenon  which  reflects 
properties  of  the  ground  state.  Another  interesting  ground 
state  property  of  a  small  mesoscopic  ring  is  the  equilibrium 
persistent  current.  The  existence  of  such  currents  in  meso¬ 
scopic  disordered  normal  rings  was  predicted  by  this  author 
in  collaboration  with  Imry  and  Landauer  [5].  In  earlier 
work  persistent  currents  were  discussed  for  large  molecules 
[6,  7],  Landau  diamagnetism  [8],  and  in  connection  with 
superconductivity  [9,  10].  For  many  years  equilibrium  cur¬ 
rents  in  mesoscopic  conductors  remained  of  interest  to  only 
a  small  community  [11-15].  Experimental  observation  of 
such  equilibrium  currents  in  an  ensemble  of  rings  by  Levy  et 
al.  [16],  in  single  metallic  loops  by  Chandrasekhar  et  al. 
[17],  and  single  semiconductor  rings  by  Mailly  et  al.  [18] 
generated  a  considerable  theoretical  literature.  We  can  refer 
the  reader  here  to  only  a  few  representative  contributions 
investigating  the  persistent  current  of  non-interacting  [19- 
21]  and  interacting  [22-26]  electrons.  Persistent  currents 
occur  not  only  in  isolated  rings  but  also  in  rings  connected 
via  leads  to  electron  reservoirs  [12,  14,  21,  27,  28].  The 
experiment  of  Mailly  et  al.  [18]  in  fact  measures  persistent 
currents  in  both  closed  and  open  rings  of  roughly  the  same 
amplitude.  Since  both  capacitances  and  persistent  currents 
reflect  properties  of  the  ground  state  it  is  intriguing  to 
explore  possible  connections  between  the  two  phenomena. 

2.  Self-consistent  potential  of  a  normal  loop 

Consider  the  conductors  in  Fig.  1.  The  conductor  of  Fig. 
1(a)  is  via  a  lead  connected  to  an  electron  reservoir  [12,  27, 
28].  It  is  otherwise  in  an  electrically  isolating  environment: 
There  are  no  electric  field  lines  penetrating  the  surface  of  a 
volume  which  is  at  a  sufficient  distance  from  the  loop  and 
intersects  the  reservoir  far  enough  from  the  connection  to 
the  lead.  Typically  conductors  are  not  in  such  an  electrically 
isolated  environment  but  couple  via  long  range  Coulomb 
forces  to  other  nearby  metallic  conductors.  Such  a  situation 
is  investigated  for  the  conductor  of  Fig.  1(b).  Here  the  con¬ 
ductor  of  Fig.  1(a)  is  separated  via  an  insulator  from  a 
second  conductor,  a  gate,  which  is  connected  to  an  electron- 
reservoir  at  electro-chemical  potential  p.2  ■  Again  we  will  for 
clarity  assume  that  there  exists  a  volume  which  encloses 
both  conductors  and  a  portion  of  the  reservoirs  such  that 
no  electric-field  lines  penetrate  its  surface.  In  both  structures 
one  of  the  conductors  forms  a  loop  that  is  threaded  by  an 
AB-flux.  The  equilibrium  electro-static  potential  U(pi, 
d>,  !•)  for  these  conductors  is  a  function  of  the  electro¬ 
chemical  potentials,  the  flux  and  a  complicated  function  of 
position.  The  flux-dependence  of  the  potential  is  generated 
by  the  electron-density  of  the  loop  which  is  flux  dependent 
whenever  the  loop  is  not  rotationally  invariant.  We  are 
interested  in  the  variation  of  the  electro-static  potential 
under  small  changes  of  the  external  control  parameters  //j, 
P2  and  O.  Small  increases  d/ii,  d^2>  dO  in  the  electro¬ 
chemical  potentials  and  or  the  flux  will  bring  the  conductor 
from  equilibrium  state  with  potential  t/(/ii,  p.2^  *1*.  »■)  to  a 


new  equilibrium  state  with  potential  -I-  d/Xj,  p.2  +  > 

O  +  do,  r).  The  difference  dU  between  these  two  equi¬ 
librium  potentials  can  be  expanded  in  powers  of  the 
increment  in  electro-chemical  potential  and  the  increment  in 
flux.  To  linear  order  we  have 

c  dU{pi,  P2  ,^,r)  =  ufr)  d/ij  +  U2(r)  dp2  +  K*")  dO.  (1) 

Here  u^(r)  =  e  dUipi,  p.2>  '■)/d/iJd«=o>  with  k  =  1,  2  and 

v(r)  =  e  dU(/ii,  p2  >  »■)/dO  |d(i>=o  are  the  characteristic  func¬ 

tions  [2].  We  will  use  the  characteristic  functions  UiJ(r)  to 
derive  expressions  for  the  electro-chemical  capacitance 
=  dQ/dp.  In  analogy  to  the  electro-chemical  capacitance 
we  also  derive  with  the  help  of  the  characterstic  function  v  a 
flux-induced  capacitance  Cg,  =  dQ/dO.  For  the  conductor  of 
Fig.  1(a)  which  is  in  an  electrically  isolating  environment  an 
increase  in  the  electro-chemical  potential  of  the  reservoir  or 
an  increase  in  flux  cannot  change  the  overall  charge.  For 
this  conductor  both  the  electro-chemical  capacitance  and 
the  flux-induced  capacitance  vanish.  The  conductor  of  Fig. 
1(a)  is  thus  of  interest  only  as  a  simple  limiting  case. 

For  the  conductor  of  Fig.  2(b),  the  characteristic  poten¬ 
tials  Ml  and  U2  have  the  following  interesting  properties  [2]: 

(1)  For  r  deep  in  reservoir  k  the  local  potential  must 
follow  the  electro-chemical  potential  of  that  reservoir  and 
hence  u^{r)  =  1. 

(2)  A  change  in  the  electro-chemical  potential  of  reservoir 
k  cannot  affect  the  potential  deep  inside  any  other  reservoir. 
Thus  for  r  deep  inside  reservoir  /  k  the  characteristic  func¬ 
tion  must  vanish,  u^ir)  =  0. 

(3)  If  we  change  all  electro-chemical  potentials  simulta¬ 
neously  and  by  an  equal  amount  dp^  =  dp  then  we  have 
only  changed  our  (global)  energy  scale.  Hence  at  every  space 
point  r  the  potential  U  must  also  change  by  dp.  This  implies 
that  the  sum  of  all  characteristic  functions  at  every  space 
point  is  equal  to  1, 

Z«,(r)=l.  (2) 

k 

In  contrast  to  the  characteristic  potentials  which 
approach  1  in  contact  k,  an  increment  in  flux  polarizes  the 
sample  but  does  not  affect  the  state  of  the  system  deep 
inside  a  reservoir.  Hence  the  characteristic  function  i;(r)  van¬ 
ishes  deep  inside  the  electron  reservoirs. 

To  treat  the  Coulomb  interactions  it  is  useful  to  take  the 
density  functional  theory  as  a  guide  [29,  30].  A  discussion  of 
persistent  currents  based  on  this  approach  is  given  in  Ref. 
[25].  We  are  interested  in  the  magnitude  of  the  variation  of 
the  potential  with  flux.  To  this  extent  we  will  discuss  the 
closed  loop  structure  in  Fig.  2.  If  the  loop  is  taken  to  be  in 
an  electrically  isolating  environment  the  electro-static 
potential  is  a  function  of  flux  only.  (There  is  no  dependence 
on  a  chemical  potential).  The  single  particle  wave  functions 
of  the  ground  state  of  the  ring  are  thus  determined  by  a 
Hamiltonian 

If  271  4)  V 

Here  O  is  the  flux,  Oq  =  heje  is  the  single  charge  flux 
quantum,  and  L  =  2nR  is  the  circumference  of  the  loop.  The 
effective  potential  eUgff(<b,  r)  contains  in  addition  to  the 
electro-static  potential  an  exchange  potential  [29,  30].  The 
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total  kinetic  energy  of  the  electrons  in  the  loop  is 

=  I  W  r))  -  I dVn((I),  i-)cC7,^/0,  r)  (4) 

where  £„(0,  Ugfj{^,  r))  are  the  eigenvalues  of  eq.  (3)  and 
«(<!>,  r)  is  the  electron-density.  The  sum  is  over  all  occupied 
levels.  The  persistent  current  of  this  loop  is  the  flux- 
derivative  of  the  free  energy.  At  kT  =  0  the  free  energy  is 
equal  to  the  total  internal  energy 
where  E^  is  the  Coulomb  interaction  energy  and  £„  is 
exchange  and  correlation  energy  [29,  30].  At  kT  =  0  the 
persistent  current  of  a  closed  loop  is  determined  by 

14<i>)= -cAEJA<!>.  (5) 

The  persistent  current  does  not  in  an  explicit  way  depend 
on  the  characteristic  function  «($)  introduced  above.  This  is 
a  consequence  of  the  fact  that  for  potential  variations  away 
from  the  true  equilibrium  potential  the  internal  energy  is 
stationary  [30].  As  remarked  already  in  Ref.  [25],  the  total 
flux  derivative  in  eq.  (5)  can  be  replaced  by  a  partial  deriv¬ 
ative  taken  at  constant  potential  U.  Nevertheless,  the  poten¬ 
tial  variation  with  flux  is  important:  The  spectrum  of  the 
interacting  and  the  non-interacting  system  are  not  the  same. 

For  the  open  conductors  of  Fig.  1  it  is  the  grand  canon¬ 
ical  potential,  =  £,„,  —  that  counts.  The  persistent 

k 

current  in  these  structures  is 

l„(«I))= -cdn/d<D.  (6) 

The  electro-chemical  capacitance  coefficients  are 

(7) 

and  the  flux-induced  capacitances  are 

-ed^n/dOd/i,.  (8) 

From  this  definition  of  the  flux-induced  capacitance  another 
alternate  interpretation  of  the  second  order  mixed  deriv¬ 
atives  of  the  grand  canonical  potential  becomes  apparent. 
Since  /e,(4»)  =  —  c  dfl/dd>  the  flux  induced  capacitance  is 
related  to  a  “conductance”  G*,  k  =  cC,i,_  ^  =  —ec{dl^jdn^ 
which  is  a  measure  of  the  sensitivity  of  the  persistent  current 
to  a  small  change  in  the  electro-chemical  potential.  The  flux- 
induced  capacitances  are  thus  connected  to  the  gate  voltage 
dependence  of  the  persistent  current. 

We  make  a  clear  distinction  between  closed  loops  with  a 
fixed  number  of  carriers  and  open  loops  which  are  via  leads 
connected  to  electron  reservoirs.  Much  of  the  mesoscopic 
literature  attempts  to  treat  closed  loops  in  a  grand  canon¬ 
ical  ensemble  and  corrects  this  with  a  flux  dependent  chemi¬ 
cal  potential.  Here  electro-chemical  potentials  characterize 
metallic  contacts.  For  interacting  systems  it  is  in  addition 
necessary  to  distinguish  the  electrically  isolated  ring  from 
rings  which  interact  via  long  range  Coulomb  forces  with 
other  nearby  conductors.  We  use  as  a  reference  state  a  self- 
consistent  equilibrium  state.  The  Coulomb  interactions  are 
determined  by  the  actual  sample  specific  charge  distribution 
and  not  with  respect  to  a  flux  averaged  or  ensemble  average 
charge  density. 


coupled  to  this  loop  (see  Fig.  2).  This  structure  incorp¬ 
orates  some  features  which  are  typically  encountered  in 
multi-channel  rings  with  finite  cross-sections  [14,  15]:  As  a 
function  of  flux  a  single  particle  energy  exhibits  regions  in 
which  the  state  is  nearly  flux-insensitive  dEJd<S>  ~  0  and 
behaves  as  if  it  were  a  localized  state.  These  localized 
regions  are  interrupted  by  rapid  changes  as  a  function  of 
flux  and  the  state  behaves  as  it  if  were  highly  mobile.  We 
can  view  such  a  multichannel  spectrum  as  a  hybridization  of 
a  highly  mobile  subsystem  with  a  subsystem  of  localized 
states.  The  simple  enough  example  of  Fig.  2  allows  to  inves¬ 
tigate  the  interplay  of  states  which  are  localized  in  the  stub 
with  highly  mobile  states  in  the  loop. 

We  assume  that  the  electro-static  potential  can  be  taken 
uniform  inside  the  stub  and  can  be  taken  uniform  inside  the 
loop.  Let  t/j  denote  the  electro-static  potential  [31]  (bottom 
of  the  conduction  band)  inside  the  stub  (index  s).  The  elec¬ 
trostatic  potential  inside  the  ring  (index  r)  is  V,.  If  the 
barrier  is  not  transparent  the  states  in  the  stub  have  energy 
^■s.m  +  ^Gs,  with  m  =  1,  2,  ...,  M.  The  spectrum  of  the 
states  in  the  ring  is  £,  „(3>)  -I-  eU,  with  n  =  1,  2,  . . . ,  N.  A 
spectrum  of  such  a  system  is  shown  in  Fig.  3(a).  The  energies 
of  the  flux  sensitive  (mobile)  states  of  the  loop  are  drawn  as 
solid  lines.  The  energies  of  the  flux-insensitive  (localized) 
states  of  the  stub  are  shown  as  broken  lines.  The  N  elec¬ 
trons  in  the  loop  give  a  persistent  current 

/^d))= -cf;  d£,.„(<l))/d®  (9) 

»=  1 

shown  in  Fig.  4. 

Now  let  us  make  the  barrier  transparent.  Now  the  stub 
and  the  ring  form  one  combined  system.  Assume  that  the 
transparency  of  the  barrier  is  very  small.  The  spectrum  of 
the  combined  system  will  undergo  only  very  small  changes 
where  levels  of  the  disconnected  system  intersect.  In  a  first 
step  we  evaluate  the  spectrum  of  the  combined  system 
taking  the  potentials  and  U,  to  be  known.  In  a  second 
step  we  will  include  the  Coulomb  interaction  to  determine 
these  potentials.  Consider  any  two  levels  £^  and  E^  which  in 
the  absence  of  transmission  intersect.  In  the  combined 


2  2  2  2 


3.  Coulomb  driven  suppression  of  level  hybridization  Fig.  3.  Energy  spectrum  as  a  function  of  flux  for  the  conductor  of  Fig.  2.  (a) 

The  ring  and  the  stub  are  completely  disconnected,  (b)  The  barrier  between 
Consider  a  one-dimensional  loop  with  a  weak  disorder  the  ring  and  the  stub  is  transparent.  Coulomb  interactions  are  not  taken 
potential.  A  stub,  a  wire  of  finite  length,  is  via  a  barrier  into  account. 
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Fig.  4.  Persistent  current  (solid  line)  and  1^.^  (dashed  line)  of  the  com¬ 
pletely  disconnected  system  with  N  and  N  —  I  electrons  in  the  ring.  For  a 
transparent  barrier  and  in  the  absence  of  interactions  the  persistent  current 
is  /*  (dotted  line).  <I>,  is  the  flux  at  which  the  topmost  energy  level  of  the 
loop  hyberdizes  with  a  localized  state  of  the  stub.  In  the  presence  of  inter¬ 
actions  the  persistent  current  is  recovered  even  for  a  transparent  barrier. 

system  the  energy  levels  of  these  two  states  have  the  hybrid¬ 
ized  energies 

£*±  =  (1/2X£,  +  eU,  +  E,  +  eU,  +  A)  (10) 

where  the  energy  gap  between  the  two  levels  is  given  by 

A  =  ((£,  -H  eU,  -E,-eU,f  +  4\t  (1 1) 

Here  1 1 1  is  the  energy  which  couples  the  states  of  the  ring 
and  the  stub.  The  spectrum  E?  with  I  =  1, . . . ,  M  -I-  iV  of  the 
combined  system  is  shown  in  Fig.  3(b).  It  consists  of  pairs  of 
states  with  eigenvalues  given  by  eq.  (10)  and  consists  of 
states  £*  =  E^  „,  +  eU^  which  do  not  intersect  any  level  of 
the  loop  but  fall  into  a  gap.  The  persistent  current  of  the 
hybridized  system  (in  the  absence  of  Coulomb  interactions) 
is  given  by  /*(4>)  =  —  c  ^  dEf/dO.  In  the  absence  of  inter- 

i 

actions  the  flux  dependence  still  originates  from  the  flux 
dependence  of  the  energies  „ .  Since  the  hybridized  states 
occur,  except  for  the  topmost  occupied  state,  in  pairs  the 
current  is  the  sum  of  the  persistent  current  of  the  uncoupled 
loop  with  N  —  1  electrons  plus  the  contribution  of  the 
topmost  occupied  state  with  energy  £*_  in  the  hybridized 
system, 

/'■(O)  =  _  i(d))  -  c  d£*_/d<D.  (12) 

For  a  small  flux  we  have  d£*_/d<I>  ~  d£jv/dd)  and  the  persist¬ 
ent  current  of  the  combined  system  is  the  same  as  that  of 
the  disconnected  system.  But  for  a  flux  far  beyond  the 
hybridization  point  we  have  d£*_/dO  ~  0.  Thus  beyond 
the  hybridization  point  the  persistent  current  is  that  of  an 


N  —  I  electron  loop.  This  behavior  is  shown  in  Fig.  4.  The 
current  of  iV  —  1  electron  states  is  typically  of  opposite  sign 
and  smaller  in  magnitude  than  that  of  the  N  electron  loop. 
Thus  the  current  of  the  hybridized  system  is  typically 
smaller  in  magnitude  than  the  persistent  current  of  the 
decoupled  system.  Below  we  will  now  show  that  if  the 
Coulomb  interactions  are  taken  into  account  and  are  of  suf¬ 
ficient  strength  the  current  of  the  combined  system  is  in  fact 
restored  to  a  value  close  to  that  of  the  uncoupled  system. 

The  hybridized  states  with  energies  £±  are  coherent 
superpositions  of  a  state  that  was  originally  localized  in  the 
stub  and  a  state  that  originally  was  confined  to  the  ring.  As 
a  consequence  of  the  superposition  the  state  £+  has  only  a 
fractional  charge  2,+  inside  the  stub  and  has  a  fractional 
charge  inside  the  ring.  Similarly  the  state  with  energy 
£*_  has  a  fractional  charge  gs-  inside  the  stub  and  has  a 
fractional  charge  inside  the  ring.  These  charges  can  be 
found  by  differentiating  the  energies  of  these  states  with 
respect  to  the  potentials  U,  and  U, .  With  a  =  r,  s  we  find 
for  the  partial  charges 

=d£Vd[/,.  (13) 

Of  course  the  total  charge  in  each  filled  state  is 
-F  =  e.  From  eq.  (13)  we  see  immediately  that  if  both 
states  +  are  filled  then  the  combined  charge  of  these  two 
states  in  the  stub  is  Q^+  +  Qs-  =  ^  and  in  the  ring  is  2^+ 
+  Qr-  =  c.  Consequently  a  net  charge  motion  from  the 
ring  into  the  stub  occurs  only  if  the  topmost  occupied 
(empty)  state  in  the  ring  intersects  an  empty  (occupied)  state 
in  the  stub  as  shown  in  Fig.  3(b).  Thus  the  Coulomb  inter¬ 
action  is  entirely  determined  by  the  charge  motion  in  the 
topmost  level  £'L . 

Before  we  proceed  to  evaluate  the  potentials  we  calculate 
the  variation  of  the  charges  of  the  topmost  occupied  level 
£*_  in  response  to  a  small  variation  of  the  potentials.  There 
is  a  Lindhard  function  ,  with  a  =  r,  s  and  ^  =  r,  s  which 
gives  the  charge  response  in  the  stub  or  in  the  ring  due  to  a 
variation  of  the  potential  in  the  stub  or  in  the  ring,  dg,  = 
-n,^dl/p.  From  eq.  (13)  we  find  =  d^F'L/dt/,  dt/^. 
Using  eq.  (10)  we  find  after  a  little  algebra  !!„  =  n„  = 
-n„  =  -n„  =  -n  where 

n  =  2e^|t|VA^  (14) 

In  the  absence  of  interactions,  i.e.  for  fixed  potentials  and 
U,,  the  Lindhard  function  exhibits  a  sharp  peek  of  mag¬ 
nitude  1/ 1  r  I  at  the  point  of  hybridization  and  is  small  as 
soon  as  the  difference  in  energies  of  the  two  states  exceeds 
1 1  p.  Next  we  want  to  characterize  the  variation  in  charge  in 
the  stub  and  in  the  ring  as  a  function  of  ffux.  For  fixed 
potentials  an  increment  d<I)  in  the  flux  causes  a  change  in 
the  charge  on  the  stub  given  by  (d2s/d5>)j,  = 
— (d(d£*_/dl/s)/dO)t/.  Since  at  constant  potential  the  flux 
dependence  of  the  energy  stems  from  £,  jy  only  we  find 
mjmu  =  -(d^F'L/dC/,  d£,, ^XdEr,  jv/d®).’  But  d^£'L/ 
dl/j  d£,jy  =  (1/c)  d^£*_/dl/s  dC/,  and  hence  using  eq.  (14) 
we  find  for  the  flux-induced  charge  variation 

(de^dd))^;  =  (l/e)n(d£,,  jv/dO)  (15) 

Since  the  total  charge  in  each  state  is  conserved  an 
increment  in  flux  leads  to  a  charge  (d2,/dO)[,  = 
— (l/c)n(d£,_jy/dd))  in  the  ring.  We  are  now  ready  to  deter¬ 
mine  the  self-consistent  potentials. 
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An  increment  dO  in  the  AB-flux  changes  the  charge  in  the 
stub  by  an  amount  (d(2^/d4>)j;  dd).  Screening  of  these  charges 
causes  a  variation  of  the  potentials  by  dU^  and  dl/,. 
According  to  the  Lindhard  function  this  causes  an  addi¬ 
tional  charge  variation  in  the  stub  given  by 
—  n  dt/j  -h  n  dt/,.  The  Coulomb  interaction  is  taken  into 
account  with  the  help  of  a  geometrical  capacitance  C 
between  the  stub  and  the  ring.  Taking  the  total  charge 
variation  on  the  stub  to  be  equal  to  that  permitted  by  the 
Coulomb  interaction  gives 


(de^dO)i,  do  -  n  d[/,  -h  n  dU,  =  C{dU,  -  dU,).  (16) 


The  charge  in  the  ring  obeys  an  equation  which  term  by 
term  is  identical  to  eq.  (16)  except  for  the  sign  of  the  charges. 
Thus  eq.  (16)  determines  only  the  difference  in  potentials. 
The  solution  of  eq.  (16)  is  the  difference  v  =  of  the 

characteristic  potentials  =  e  dl/^/dO,  =  e  dUJdd>, 


V  =  e  d(l/,  -  [/,)/dO  =  n/(C  -f  n)(d£,,  ^/dO) 
Integration  of  eq.  (17)  gives 


e{U, 


-t7,)  =  J  dO' 


n/(c  +  nKd£,,^/dO'). 


(17) 

(18) 


The  Lindhard  function  IT  is  also  a  function  of  the  difference 
of  the  potentials  c(l/s  —  U^.  Thus  eq.  (20)  is  similar  to  the 
self-consistent  equations  encountered  in  other  problems,  for 
instance  the  BCS  gap  equation.  We  note  that  the  Lindhard 
function  modifies  the  geometrical  capacitance  and  gives  rise 
to  a  quantum  correction.  The  charge  induced  in  response  to 
an  external  potential  is  determined  by  an  effective  capac¬ 
itance  [1, 4]  l/C.ff  =  1/C  -H  1/n. 

Fortunately  there  is  a  simple  limiting  case  in  which  the 
solution  of  the  self-consistent  equation  is  obvious.  For  a 
very  small  geometrical  capacitance  the  r.h.s.  of  eq.  (18)  is 
independent  of  the  potentials.  The  characteristic  potential  is 
then  determined  by  the  energy  derivative  of  the  topmost 
state  of  the  completely  decoupled  system,  d(<I>)  =  d£jv/d3>. 
Integration  gives 


e(t7,  -  U,)  =  £,,  jv(<I>)  -  £,,  ^(0)  +  eCo  (19) 

where  Uq  is  the  potential  difference  between  the  conduction 
band  bottoms  of  the  ring  and  the  stub  at  zero  flux.  Using 
eq.  (19)  in  eq.  (11)  we  find  that  for  the  topmost  occupied 
level  A  =  ((£s  —  £,,^(0)  —  et/o)^  -t-  4|  is  independent 
of  flux. 

Let  us  now  show  that  in  the  limit  of  vanishing  capac¬ 
itance  the  persistent  current  of  the  interacting  system  is 
equal  to  that  of  the  decoupled  system.  At  /cT  =  0  the  total 
energy  for  the  interacting  system  is  the  sum  of  the  kinetic 
energy  (see  eq.  (4))  and  the  interaction  energy  [29,  30]  , 

E.om  =  T -  e.  t/,  -  eQ,  V,  +  E,.  (20) 

n  =  1 

Evaluating  this  energy  we  find 

M  N~1 

E,om  =  z  „(i>)  +  Etm 

m= 1  n- 1 

-eU,m-Q{U,-U,)  +  E,.  (21) 

But  for  very  small  capacitance  the  charge  imbalance  Q  van¬ 
ishes  and  the  interaction  energy  is  a  flux  independent  con¬ 
stant.  Furthermore,  the  difference  of  the  hybridized  energy 


of  the  topmost  state  and  cU,(®)  is  F^®)  —  cU,(®)  =  £,,  iv(d>) 
-f  £o  with  Eq  a  flux  independent  energy.  Up  to  flux  inde¬ 
pendent  terms  the  total  energy  is  that  of  the  completely 
decoupled  ring.  Thus  in  the  limit  of  small  capacitance  the 
persistent  current  of  the  interacting  system  is  the  same  as 
that  of  the  original,  completely  decoupled  system.  This  is  a 
consequence  of  the  suppression  of  level  hybridization 
through  Coulomb  interaction. 

Below  we  investigate  the  characteristic  potential  v  for 
conductors  which  are  open  (see  Fig.  1),  i.e.  connected  to 
electron-reservoirs.  This  permits  us  to  investigate  the  capac¬ 
itances  and  permits  us  to  investigate  the  effect  on  the  char¬ 
acteristic  potential  of  other  nearby  metallic  bodies. 

4.  Characteristic  potentials  for  an  open  normal  loop 

Consider  the  open  conductors  of  Fig.  1.  We  now  relate  the 
characteristic  potentials  for  these  conductors  to  electron 
densities.  A  variation  in  the  electro-chemical  potential  //t  = 
Ep  jt(r)  -t-  eU{r)  by  d/i*  can  be  accomplished  in  two  ways : 
We  can  either  increase  the  Fermi  energy  by  dEp^  =  d/in  or 
the  electric  potential  by  e  dUt  =  dfi^.  We  imagine  a  two 
step  process:  in  the  first  step  we  increase  the  chemical 
potential  in  reservoir  k  by  d/i*,  keeping  the  electro-static 
potential  fixed.  As  a  consequence,  an  additional  charge 
density  (dn(r,  k)/dE)u  d/i^  is  injected  into  the  conductor.  In  a 
second  step  we  switch  on  the  Coulomb  interaction.  The 
added  charges  create  an  additional  induced  electrical  poten¬ 
tial  which  in  turn  gives  rise  to  an  induced  charge  distribu¬ 
tion  dUjn^r).  Thus  the  total  change  in  charge  density  due  to 
an  electro-chemical  potential  variation  in  conductor  k  is 
dn)t(r)  =  (dn(»',  k)ldE)u  d/ij  -I-  dnj„j  ^(r).  Similarly,  the  varia¬ 
tion  of  the  electron  density  due  to  a  change  in  flux  consists 
of  two  contributions:  We  first  evaluate  the  change  in  elec¬ 
tron  density  keeping  the  electric  potential  fixed.  In  a  second 
step  we  evaluate  the  potential  due  the  polarization  of  the 
sample  caused  by  the  increase  in  flux  and  calculate  the  con¬ 
tribution  of  this  potential  due  to  the  variation  in  charge 
density,  dnt(r)  =  (dn(r,  /c)/d<l>)i;  dO  -I-  dn,„j  ^(r).  In  the  pres¬ 
ence  of  a  variation  of  the  electro-chemical  potential  and  a 
variation  in  flux  we  have  thus 

The  induced  density  dn;„j  ^(r)  in  conductor  k  generated  by  a 
variation  in  the  electro-static  potential  dU{r)  can  be  speci¬ 
fied  by  the  Lindhard  function  (or  polarization  function) 
n,ir,n 

^nind,  kir)  =  - 1 d  V'n4(»-,  dl/(r')  (23) 

with  a  potential  given  by  eq.  (2).  In  eq.  (23)  the  integral  d^r' 
can  be  taken  over  all  space  enclosed  by  a  volume  which 
contains  both  conductors  including  a  portion  of  the 
reservoirs  [2].  (This  convention  applies  also  to  subsequent 
volume  integrals  in  this  work).  To  obtain  an  overall  charge 
neutral  system  the  volume  has  to  be  chosen  so  large  that  no 
electric  field  lines  penetrate  its  surface.  Equation  (23)  is  just 
the  continuous  space  analog  of  the  Lindhard  function  speci¬ 
fied  by  eq.  (15)  for  the  closed  system.  Invariance  of  the 
charge  distribution  under  simultaneous  changes  in  all 
electro-chemical  potentials  [1,  2]  implies  that  the  integral 
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over  the  first  or  the  second  spatial  argument  of  the  Lind- 
hard  function  is  equal  to  the  density  of  states  in  conductor 

k, 

(dn,(r)/d£)„  =  |d^r'n*(r,r').  (24) 


The  same  relationship  follows  from  the  condition  that  the 
sum  of  all  induced  charge  densities  plus  the  test  charge  is 
zero.  Equation  (29)  will  be  used  to  demonstrate  charge  and 
current  conservation  of  the  results  derived  below. 

5.  Electro-chemical  and  flux-induced  capacitance 


The  density  response  described  by  the  Lindhard  function  is 
a  consequence  of  a  change  in  the  equilibrium  potential. 
Since  an  equilibrium  density  is  an  even  function  of  magnetic 
flux,  the  Lindhard  function  is  also  an  even  function  of  the 
magnetic  flux,  11^(0,  r',  r)  =  !!*(— O,  r',  r).  This  has  the  con¬ 
sequence  that  the  electro-chemical  capacitance  is  an  even 
function  of  the  magnetic  flux.  We  emphasize  that  these  sym¬ 
metry  properties  are  characteristic  for  conductors  connected 
to  a  single  reservoir:  Reciprocity  symmetries  apply  for 
multiprobe  conductors  [2,  4]. 

In  the  insulator  (index  fe  =  0)  separating  the  conductors,  a 
potential  variation  can  polarize  the  insulator  and  induce  a 
charge  density  dni„^  oW  =  d^>‘'IIo(»',  r')e  dU(r').  No  exter¬ 

nal  charges  reach  the  insulating  region  and  thus  instead  of 
eq.  (24)  we  find  that  the  volume  integral  of  the  Lindhard 
function  over  either  the  first  or  the  second  argument  van¬ 
ishes,  I  d^r'no(»',  r')  =  j  d^r'no(»‘',  r)  =  0.  Note  that  the  Lind¬ 
hard  function  which  we  introduced  for  the  closed  loop  (see 
eq.  (14))  also  has  this  property. 

Next  we  write  down  Poisson’s  equation  for  the  potential 
U.  If  we  expand  U  with  respect  to  dp^  we  find  that  the  char¬ 
acteristic  function  is  determined  by  [2] 


-Auifr)  +  Ane^ 


d^r''ifn,(r,r')l^*(r') 
1  =  0 


=  47ie^(dnic(r)/dE)i; . 


(25) 


Equation  (25)  contains  the  sum  of  all  Lindhard  functions  of 
all  the  conductors  /  =  1,  2  and  of  the  insulating  region  I  =  0. 
The  density  of  states  of  conductor  k  plays  the  role  of  a 
source  term  for  the  characteristic  function  .  Similarly  the 
characteristic  function  v(r)  is  a  solution  of  the  Poisson  equa¬ 
tion 


-Av(r)  -I-  4ne^ 


1  =  2 


dV'SnXr,r')i;(r') 


=  4ne\dni{r)ld<S>)v. 


(26) 


The  flux-sensitivity  of  the  electron  density  in  the  conductor 
with  the  loop  is  the  source  term  of  the  characteristic  func¬ 
tion  t;.  If  the  source  term  is  replaced  by  a  test  charge  ed{r 
—  Tq)  which  is  concentrated  at  one  point  rg  the  solution  to 
eq.  (25)  and  eq.  (26)  is  Green’s  function  g(r,  rg).  With  the 
help  of  Green’s  function  we  find  for  the  characteristic  func¬ 
tion, 

«*(»•)  =  I dVg(r,  r'Xdn^(r')/dE)i; .  (27) 

Similarly  the  characteristic  function  t;(»-)  is  given  by 


t;(r)  = 


d^r'gir,  r'Xdni(r')/dd>)u . 


(28) 


Equation  (2)  implies  for  Green’s  function  the  property  [2] 
f  dVg(r,  r')  Z  (dn,(r')/dE)^  =  1.  (29) 


The  characteristic  potentials  derived  above  can  now  be  used 
to  find  the  electro-chemical  capacitance  and  a  flux-induced 
capacitance.  Using  eqs.  (22),  (23),  and  (27),  the  total  charge 
in  conductor  fe  can  be  expressed  in  terms  of  density  of  states 
and  Green’s  function.  Differentiating  the  total  charge  dQ* 
with  respect  to  the  voltage  dl^  =  dpi/e  gives  an  electro¬ 
chemical  capacitance  [2]  =  e  dQJdpi  given  by 


dh\dn^r)ldE)^d,,d(r-r') 


-0(r,r'Xdn,(r')/d£))^,.  (30) 

Equation  (30)  expresses  the  capacitances  in  terms  of  the 
density  of  states  of  the  reference  state  and  Green’s  function 
which  mediates  the  Coulomb  interactions.  Conservation  of 
charge  relates  the  capacitance  coefficients  of  our  two- 
terminal  conductor  as  follows:  Cn  =  C22  =  —Ci2  = 
—  C21.  To  see  this  one  makes  use  of  eq.  (29).  Below  we  will 
use  the  abbreviation  =  Cn  where  the  index  p  reminds  us 
that  we  deal  not  with  an  electro-static  capacitance  but  with 
an  electro-chemical  capacitance. 

Next,  in  analogy  to  the  electro-chemical  capacitance  coef¬ 
ficients  just  discussed  we  consider  the  flux  induced  capac¬ 
itance  C®,  4  =  dgt/dO.  This  is  the  ratio  of  the  piled  up 
charge  in  conductor  fe  and  the  increment  in  flux  $.  We  find 
the  flux-induced  capacitances 


k  ~  ^ 


dV(5ik5{r  -  r')  -  (d«^(r)/d£)[,fif(r,  r')) 


x(dni(i-')/da>)t,.  (31) 

These  two  coefficients  are  related.  Charge  conservation 
implies  that  the  sum  of  these  two  coefficients  is  zero.  This 
can  again  be  demonstrated  by  using  eq.  (29).  Hence  we  are 
left  with  one  coefficient  only  and  denote  it  by  C® ,  C®  = 
C®,  1  =  —  C®  2  •  Whereas  the  electro-chemical  capacitance  is 
an  even  (and  periodic)  function  of  flux  the  flux-induced 
capacitance  is  an  odd  (and  periodic)  function  of  flux. 

Consider  now  for  a  moment  the  conductor  of  Fig.  1(a) 
which  is  an  electrically  neutral  environment.  Then  according 
to  eq.  (29)  the  spatial  integral  over  r  of  Green’s  function  and 
the  density  of  states  is  just  equal  to  1.  Hence  in  this  case 
both  and  C®  vanish. 

In  the  presence  of  time-dependent  chemical  potentials  and 
in  the  presence  of  a  time-dependent  oscillating  flux  the 
current  /i(t)  measured  at  terminal  1  is  determined  by 
Ii(t)  =  dQi/dt  and  the  current  at  terminal  2  (the  gate)  is 
determined  by  I2  =  dQ2/dt.  Since  charge  is  conserved,  the 
current  is  conserved,  I  ft)  +  /2(r)  =  0.  The  current  depends 
only  on  the  difference  of  the  chemical  potentials.  Taking  the 
oscillating  chemical  potential  difference  to  be  dp^  —  dp2  = 
e  dk^  exp  (  — iojt)  and  keeping  the  flux  fixed  gives  rise  to  a 
current  d/„  =  —icoCi^  dV^.  Measurement  of  this  current  in 
a  zero-impedance  external  circuit  determines  the  electro¬ 
chemical  capacitance.  An  oscillatory  flux  with  Fourier  com¬ 
ponent  dd>j3  exp  ( —  iojt)  gives  a  current  d/„  =  —  icoC®  dO„ 
in  a  zero-impedance  external  circuit. 
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If  the  external  circuit  has  a  non-vanishing  impedance  an 
oscillatory  flux  will  also  lead  to  an  oscillating  voltage.  In 
this  case  a  total  induced  current 

dl^  =  -  i(oC^  dF„  -  i(uC®  dd>„  (32) 

is  generated.  The  voltage  dF„  depends  on  the  external 
impedance.  For  a  circuit  with  impedance  Z{co)  =  —dVJdl^ 
an  oscillatory  flux  generates  a  voltage 
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dK„=  - 


icuCa, 


(1/ZJ  -  icoC, 


dd>„ 


(33) 


Since  we  deal  with  a  capacitive  effect  it  is  useful  to  measure 
the  voltage  capacitively  and  take  the  external  impedance  to 
be  capacitive  Z(co)  =  l/{—i(oCe„).  In  this  case  the  measured 
voltage  is  independent  of  frequency  and  given  by 


dF„  =  7r^^d<l)„.  (34) 

Our  discussion  of  the  conductor  in  Fig.  2  has  shown  that 
the  charge  displaced  by  the  flux  is  at  best  one  electronic 
charge  and  is  less  if  interactions  are  taken  into  account.  If 
this  is  indicative  also  of  the  open  conductor  in  Fig.  1  then 
the  magnitude  of  the  flux-induced  capacitance  is  of  the 
order  of  c/Oq  or  C®  =  e^/hc.  This  is  equivalent  to  a  “con¬ 
ductance”  Gg,  =  cC®  =  e^//i  equal  to  the  fundamental  con¬ 
ductance  unit.  Screening  will  reduce  these  values  but  both 
the  measurement  of  the  electro-chemical  capacitance  and 
the  flux-induced  capacitance  should  be  feasible. 

In  this  work  we  have  discussed  the  response  of  the  inter¬ 
nal  electro-static  potential  of  mesoscopic  conductors  to 
small  changes  in  an  external  parameter  (flux,  electro¬ 
chemical  potential)  with  the  help  of  characteristic  functions. 
The  characteristic  potential  v  is  responsible  for  the  enhance¬ 
ment  of  the  persistent  current  above  a  value  achieved  in  the 
non-interacting  system.  This  potential  also  determines  a 
flux-induced  capacitance.  The  characteristic  function  u 
determines  the  electro-chemical  capacitance.  Measurement 
of  these  capacitances  can,  therefore,  provide  an  experimental 
means  to  determine  the  sensitivity  of  the  electric  potential. 


Note  added  in  proof 

To  obtain  an  enhancement  of  the  persistent  current  in  situ¬ 
ations  different  from  that  shown  in  Fig.  3  it  is  in  general 
necessary  that  the  stub  acts  like  an  acceptor  in  the  hybrid¬ 
ized  system.  The  stub  acts  like  an  acceptor  (rather  than  a 
donor)  if  its  density  of  states  is  much  larger  than  that  of  the 
loop.  This  corresponds  to  the  situation  in  diffusive  multi¬ 
channel  rings  where  we  have  many  localized  states  and  only 
a  few  highly  mobile  states. 
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Abstract 

Electronic  Raman  scattering  from  a  doped  circular  quantum  dot  is  studied 
within  the  random  phase  approximation.  The  Raman  spectrum  of  the  spin 
density  fluctuation  channel  consists  of  only  sharp  peaks  due  to  single¬ 
particle  excitations.  However,  for  the  charge  density  fluctuation  channel, 
the  broadened  plasmon  peak  in  a  small  quantum  dot  may  overlap  with  the 
sharp  single-particle  peaks,  resulting  in  fine  structures  in  the  Raman  spec¬ 
trum. 


1.  Introduction 

Raman  scattering  is  a  useful  tool  for  studying  the  electronic 
spectra  of  semiconductors  [1].  The  Raman  spectrum  of  a 
system  depends  on  the  characteristic  features  of  both  the 
single-particle  and  the  plasmon  excitations.  In  a  quantum 
dot  of  the  size  about  1000  A,  the  single-particle  excitation 
energies  are  discrete,  resulting  in  sharp  peaks  in  Raman 
spectra.  On  the  other  hand,  the  plasmon  frequency  is  also 
influenced  by  the  size  of  system  because  it  is  a  collective 
excitation  of  electron-hole  pairs.  In  particular,  the  broaden¬ 
ing  of  the  plasmon  peak  is  of  the  order  Vf/a  [2,  3],  where  Vf 
is  the  Fermi  velocity  and  a  the  dimension  of  the  dot.  There¬ 
fore,  in  a  small  quantum  dot  it  is  possible  that  the 
broadened  plasmon  mode  may  overlap  with  the  sharp 
single-particle  peaks.  When  this  occurs,  fine  structures 
appear  in  the  plasmon  excitation.  In  this  paper  the  Raman 
spectrum  of  a  perfect  quantum  dot  will  be  calculated  with 
the  random  phase  approximation  (RPA). 


Here  Pq  =  e^/(mc^)  is  the  classical  electron  radius,  a  =  1,  2 
and  3  specify,  respectively,  the  heavy,  the  light  and  the  split- 
off  valence  band.  A,  is  the  energy  gap  between  the  conduc¬ 
tion  and  the  ath  valence  band  (with  Aj  =  Aj),  and  Sj  = 
Sj  =  1  and  S3  =  —  2.  p  =  <x  I  I  s>  is  the  momentum  matrix 
element  between  the  s-like  conduction  band  and  the  valence 
band  which  transforms  like  x.  We  should  notice  that  (1) 
with  the  coupling  constants  (2)  and  (3)  is  valid  only  when 
the  incident  and  the  scattered  photon  frequencies  are  not 
very  close  to  Aj  or  to  A3 . 

The  two  terms  in  Hj„,  represent  the  charge  density  fluc¬ 
tuation  (CDF)  and  the  spin  density  fluctuation  (SDF). 
Under  the  scattering  geometries  eiWe^  and  Cjlej,  the  CDF 
and  the  SDF  give,  respectively,  the  Raman  scattering  cross 
sections  as 


(4) 

(5) 


where  Sci  and  Sjj  are  the  corresponding  spectral  functions. 

To  obtain  and  we  need  to  calculate  the  polarisa¬ 
tion  operator.  Within  the  RPA,  it  can  be  expressed  as 


n(r,r';a))  =  — X; 

K 


—  £y  —  o)  —  id 


(6) 


2.  Theory 

Consider  the  Raman  scattering  from  a  semiconductor 
quantum  dot.  The  effective  interaction  Hamiltonian  between 
electrons  and  the  electromagnetic  wave  can  be  written  as 
[4] 


Hi„,  =  ycd  I  •  e,  I  In^iq)  +  Hif?)] 

+  ilsd  ki  X  Cs  I  [«t(9')  -  niisTial  d;  -I-  h.c ,  (1) 


where  q  is  the  difference  of  wave  vectors  between  the  incom¬ 
ing  (represented  by  the  operator  dj)  and  the  scattered  wave 
(represented  by  the  operator  dj),  and  [5] 


where  k  is  the  dielectric  constant  of  the  surrounding 
medium  and  i/f^(r)  is  the  single-particle  wave  function  with 
eigenenergy  e^.  We  consider  the  case  that  the  dipole 
approximation,  qa  <  1  is  valid.  Then,  for  the  SDF  channel, 
RPA  gives 


SJw,  q)  =  Im 


Uv.«lV(gv)-/(0)1 

£y  ■“  Ct) 


(7) 


where  ^  |  x  \  On  the  other  hand,  there  is  no 

simple  expression  for  Sci{(o,  q).  In  the  dipole  approximation 
S^(co,  q)  is  the  imaginary  part  of  the  dipole  polarisability  of 
the  quantum  dot  in  a  homogeneous  electric  field  along 
the  direction  of  q  (parallel  to  x-axis),  and  can  be  written  in 
the  general  form 

Scdioi,  q)  =  q^  Im  .  (8) 
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The  problem  now  is  to  calculate  the  dipole  moment  of 
the  dot  in  a  homogeneous  field. 

To  go  further,  we  must  specify  the  quantum  dot  in  order 
to  solve  for  the  eigensolutions.  Here  we  consider  a  perfect 
circular  dot  of  radius  a,  surrounded  by  an  infinite  potential 
barrier.  The  position  in  the  dot  is  labelled  by  p  =  (p,  </>).  The 
normalised  single-particle  eigenfunctions  are 

K(P’  \m0”'p)  exp  ( -  im<f>),  (9) 

where  J|„|  is  the  Bessel  function  of  the  first  kind,  m  =  0,  +1, 
±2,  ...  and  p  =  0,  1,2,...  are  angular  and  radial  quantum 
numbers,  respectively.  In  terms  of  these  functions,  the  elec¬ 
trical  dipole  moment  is  given  by 


Substituting  (18)  and  (17)  into  (16),  and  integrating  over  the 
angular  variable,  we  arrive  at 


i,(p)  =  jdp'  I  dp"ni(p,  p")0(p",  p)n,(p')p'p" 

-^^jdp'^l(p,pV^ 


where 


d<^  exp  (i(/)) 

/p^  -t-  p'^  —  2p'p  cos  (f) 


■  -T 

Jo 


dpi/^"  +  ‘(p)l/r"(p)p2. 


and  from  (7)  we  readily  obtain  the  low  temperature  result  as 

SJico,q)  =  ^  E  (11) 

where  co"  ^  =  s"  —  is  the  single-particle  excitation 
energy.  The  Raman  spectrum  for  the  eiWe^  scattering 
geometry  then  consists  of  sharp  peaks,  since  in  RPA  treat¬ 
ment  for  the  SDF  channel  the  electron  correlation  is 
neglected. 

For  the  CDF  channel  in  the  «,  -L«s  scattering  geometry 
the  problem  is  more  complicated,  because  of  the  induced 
charge  ni„/r)  and  the  induced  potential  0j„^r)  which  are 
functions  of  r  =  (p,  z).  While  the  induced  potential  is  given 
by  the  induced  charge 


the  induced  charge  itself  can  be  expressed  in  terms  of  the 
total  potential  </)(r)  =  </>i„d(»’)  -I-  as 

* 

dr'n(r,r';ftj)0(r').  (13) 

If  we  introduce  the  surface  charge  density 


dzniJr) 


and  surface  polarisation  operator 


To  obtain  these  results,  we  have  considered  the  dipole  solu¬ 
tion  of  (16),  for  which  one  can  use  the  convenient  form 
^e«(P)  =  P  fixp  (i0).  At  low  temperature  Hi  reduces  to 

nr,  V  2'p;r.v(p)^:.'v{p')<.v  ,,,, 

where  'F"  ,(p)  =  il/”*\p)KiP)- 
The  coupled  eqs  (19)  and  (21)  can  be  solved  via  the  matrix 
representation.  Let  us  first  define 

Yi ,  =  II  dp'  I  dpT'-  ip'y^p,  p'Mp)p'p 


Cv”.'.  V  =  -  ^  f”dp  dp'T"  ,{p)<Hp,  p')'!'?;  ,.(p')pp'.  (23) 

K  Jo 

To  simplify  the  notation,  we  introduce  a  single  parameter  a 
(or  P  or  y)  to  represent  the  three  indices  (m,  p,  v)  in  all  vari¬ 
ables  having  m  for  superscript  and  (p,  v)  for  subscripts.  Let 
us  further  define  a  matrix  A  with  elements 

Aa.  p  =  P  -  2^(O^COp  C,,  p  .  (24) 

Then,  it  can  be  proved  that  to  solve  the  two  coupled  eqs  (19) 
and  (21)  is  equivalent  to  solving  the  eigenvalue  problem  of 
the  matrix  A 

=  (25) 

After  obtaining  the  eigensolutions,  the  spectral  function 
^cd  can  be  expressed  as 

Scd=^  Z  P  ^  ^{^P  -  (^)Zp.  y  V'^  ■  (26) 


n.(p,p')  =  | 


dz  dz'n(r,  r'). 


then  from  (13)  and  (12)  we  obtain 


The  positions  of  the  peaks  in  the  Raman  spectra  are  deter¬ 
mined  by  the  Stokes  shifts  which  are  just  the  elementary 
excitation  energies  £1^.  The  spectral  weight  of  each  peak  is 
given  by 


n,(p)  =  I d^p' dV' 2^ „^(p)  + 1 dV'n,(p,  p')</>,„(p').  (16)  w;  =  ^ {lV^pXpZi,,^\ 


Since  the  quantum  dot  has  circular  symmetry,  we  can 
perform  the  expansions 

«.(P)  =  n,ip)  exp  {i(t>),  (17) 

n,(p,  p')  =  Z  n„(p,  p')  exp  {imi(t>  -  (p'))  (18) 


3.  Numerical  results 

Based  on  the  analytical  expressions  derived  above,  we  have 
calculated  the  Raman  spectra  of  2D  circular  GaAs  quantum 
dots  of  radius  a  and  2D  electron  density  n.  The  material 
parameters  for  GaAs  are  m*  =  0.061  and  k  =  12.4.  We 


Physica  Scripta  T54 


have  studied  dots  with  radius  in  the  range  from  a  =  500  A 
to  a  =  1000  A,  and  the  electron  density  from  n  =  10“  cm“^ 
to  n=10^^cm“^.  When  a  is  reduced  the  separation 
between  adjacent  single-particle  levels  increases,  and  the 
Stokes  shift  of  the  Raman  scattering  due  to  the  SDF 
channel  is  enhanced.  If  the  enhancement  is  sufficiently  large, 
the  electron-hole  excitations  will  overlap  with  the  plasmon 
mode.  When  this  happens,  the  Raman  spectrum  due  to  the 
CDF  will  exhibit  single-particle  oscillation  superimposed  on 
the  broad  plasmon  peak.  We  will  illustrate  this  interesting 
behaviour  with  our  numerical  results. 

Figure  1  shows  the  complete  Raman  spectrum  for  a  dot 
of  larger  radius  a  =  1000  A  with  n  =  9.17  •  10^'  cm"^  The 
overlap  between  the  SDF  part  and  the  CDF  part  is 
extremely  small,  and  the  CDF  part  is  due  to  a  conventional 
plasma  excitation.  The  separation  between  the  SDF  part 
and  the  CDF  part  is  caused  by  the  long-range  Coulomb 
interaction. 

When  the  size  of  the  dot  is  reduced  to  a  =  500  A,  the 
Raman  spectra  for  n  =  5.86  •  10“  cm“^  are  shown  in  Fig.  2 
for  the  ei\\e,  scattering  geometry  (the  SDF  channel),  and  in 
Fig.  3  for  the  e,- 1  e,  scattering  geometry  (the  CDF  channel). 
The  CDF  spectrum  overlaps  very  much  with  the  SDF  spec¬ 
trum,  and  so  in  the  CDF  spectrum  we  see  quantum  oscil¬ 
lation  over  the  plasma  excitation  at  energy  Dg  =  10.86  meV 
(Mode  6  in  Fig.  3). 

To  demonstrate  the  characteristic  features  of  the  collec¬ 
tive  excitation  modes  in  the  CDF  Raman  spectrum,  in  Fig. 
4  we  analyze  mode  2  (solid  line)  and  mode  6  (dashed  line)  of 
Fig.  3.  Each  collective  excitation  mode  can  be  expressed  as  a 
linear  combination  of  the  electron-hole  excitation  modes, 
which  are  enumerated  according  to  the  increasing  electron- 
hole  excitation  energy.  The  square  of  the  coefficient  of  linear 
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Fig.  2.  The  SDF-channel  Raman  spectrum  of  a  2D  circular  GaAs  quantum 
dot  of  radius  500  A,  and  electron  density  5.86  •  10‘*  cm“^.  The  spectrum  is 
normalised  to  1. 


combination  is  plotted  in  Fig.  4  as  the  probability  vs.  the 
electron-hole  excitation  mode  number.  It  is  clear  from  Fig. 
4  that  the  mode  6  is  more  collectively  excited  than  the  mode 
2. 


Fig.  1.  The  Raman  spectra  of  a  2D  circular  GaAs  quantum  dot  of  radius 
1000  A,  and  electron  density  9.17  •  10“  cm”^.  The  spectrum  due  to  the  spin 
density  fluctuation  (SDF)  channel  is  separate  from  that  due  to  the  charge 
density  fluctuation  (CDF)  channel.  Each  spectrum  is  normalised  to  1. 


Fig.  3.  The  CDF-channel  Raman  spectrum  of  a  2D  circular  GaAs 
quantum  dot  of  radius  500  A,  and  electron  density  5.86  •  10^‘cm“^.  The 
spectrum  is  normalised  to  1. 
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Fig.  4.  The  eigenvectors  of  the  mode  2  (solid  line)  and  the  mode  6  (dashed 
line)  in  the  CDF-channel  Raman  spectrum  shown  in  Fig.  3. 


4.  Final  remark 

We  would  like  to  mention  two  points  relevant  to  our 
present  work.  First,  it  has  been  found  [6]  that  the  corre¬ 
lation  effect  is  important  in  an  a  small  quantum  dot. 
Second,  the  quantum  oscillation  appeared  in  the  plasiha 
mode  remains  even  if  the  shape  of  the  quantum  dot  is 
irregularly  rough,  as  can  be  shown  with  the  approach  of 
Dyson  ensembles  [7]. 
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Abstract 

A  self-consistent  calculation  of  the  local  electromagnetic  field  inside  a 
spherical  quantum  dot  is  presented.  The  confinement  potential  is  taken  to 
be  parabolic  and  isotropic,  and  the  interaction  between  the  field  and  the 
quantum  dot  electrons  is  described  by  a  nonlocal  paramagnetic  response 
function.  A  particular  feature  of  the  treatment  is  that  the  calculation  is 
carried  out  without  making  use  of  the  electric  dipole  approximation.  As  a 
consequence  the  magnitude  of  the  electromagnetic  field  has  a  finite  value  at 
all  positions  in  space.  A  resonance  condition  is  set  up  for  the  local  field, 
and  an  expression  for  the  resonance  frequency  is  obtained.  It  is  found  that 
the  resonance  frequency  is  blue-shifted  with  respect  to  the  electronic  tran¬ 
sition  frequency.  The  theory  is  applied  to  a  GaAs  quantum  dot  embedded 
in  a  Gai_,jAlxAs  medium.  For  this  system  the  local  field  factor  is  calcu¬ 
lated,  and  the  frequency  shift  is  evaluated. 


1.  Introduction 

The  interest  in  the  electromagnetic  properties  of  quantum 
dots  or  “solid-state  atoms”  has  increased  dramatically  with 
the  recent  development  of  nanometer  lithographic  tech¬ 
niques.  One  way  of  realizing  dot  structures  is  by  means  of 
local  interdiffusion  in  a  semiconducting  medium,  hereby 
producing  extremely  localized  electron  and  hole  states. 
Quantum  dots  have  been  investigated  extensively  using  e.g. 
photoluminescence  [1]  or  magnetospectroscopy  [2],  and 
experimental  as  well  as  theoretical  reports  on  their  non¬ 
linear  properties  have  been  presented  [3-4].  In  addition, 
experimental  [5]  and  theoretical  [6]  studies  of  the  radiative 
decay  rate  of  excitons  in  quantum  dots  have  been  published 
recently. 

The  spatial  extent  of  the  electron  and  hole  wavefunctions 
are  often  significantly  smaller  than  the  wavelength  of  the 
electromagnetic  field,  and  so  the  (electric)  dipole  approx¬ 
imation  gives  a  satisfactory  description  of  the  far-field 
properties.  However,  it  is  well  known  that  conceptual  diffi¬ 
culties,  such  as  a  singularity  in  the  near-field,  are  connected 
with  the  calculation  of  the  electric  field  at  the  site  of  an 
atom  embedded  in  a  homogenous  medium,  when  the  elec¬ 
tric  dipole  approximation  is  adopted.  In  addition  a  rigorous 
treatment  of  the  local  field  will  provide  a  resonance  condi¬ 
tion,  which  will  be  absent  within  the  framework  of  the 
dipole  approximation.  This  in  turn  indicates  that  the 
observed  resonances  in  e.g.  absorption  spectra  are  shifted 
from  the  electronic  transition  frequencies. 

In  this  paper  the  local  field  is  calculated  without  making 
use  of  the  electric  dipole  approximation.  The  calculation  is 
based  on  a  self-consistent  scattering  formalism,  in  which  the 
field  is  obtained  from  the  solution  of  an  integral  equation. 
The  nonlocal  nature  of  the  interaction  between  the  electrons 
and  the  electromagnetic  field  is  taken  into  account,  so  that 


the  dependence  on  the  wavefunctions  is  made  clear.  An  iso¬ 
tropic  parabolic  potential  is  used  as  a  model  for  the  confine¬ 
ment,  so  that  the  wavefunctions  are  those  of  the  well  known 
harmonic  oscillator.  We  restrict  ourselves  to  the  case  of  a 
single  electron  quantum  dot,  and  only  conduction  intraband 
transitions  are  considered.  The  only  states  which  are  taken 
into  account  are  (in  hydrogen-like  notation):  Is,  2p^,  2py 
and  2pj ,  and  consequently  the  quantum  dot  is  regarded  as  a 
4-level  system  in  which  the  three  excited  states  are  degener¬ 
ate  in  energy. 


2.  General  formalism 


The  local  electric  field,  in  the  frequency  (co)  domain,  is  calcu¬ 
lated  using  the  formalism  developed  in  [7]  and  reviewed  in 
[8].  This  formalism  is  based  on  an  integral  equation  which 
relates  the  field  £(r)  at  space  point  r  to  the  Fourier  trans¬ 
formed  current  density  J(q)  as  follows : 

£(r)  =  £0(r)  -  ipo  "  ^  |  V(«)  ,  (1) 

where  E°(r)  is  the  background  field  and  G(y)  is  the  Green’s 
function  in  Fourier  space  for  the  geometry  in  question.  In 
the  following  the  nonlinear  and  diamagnetic  contributions 
to  the  current  density  are  neglected.  This  implies  that  the 
current  density  in  physical  space  J(r)  is  related  to  the  electric 
field  through  the  nonlocal  relation  [9] 


;(»•)= 


(T(r,  r')  •  E(r')  d^r'. 


(2) 


where  the  conductivity  tensor  a(r,  r')  for  real  wavefunctions 
is  given  by 

<r(r,  r')  =  -  —  {JiMxir')  +jiy(r)Jiy(r')  +Ji/r)Ji,(r')}.  (3) 


Here 

ch 

Jla  =  ~  ^  -<t>ls  V<^2p  J,  (4) 

denotes  the  transition  current  density  for  the  transition  Is  to 
2pj  and  the  quantity  a  is  given  by 

where  is  the  matrix  element  of  the  thermal  equilibrium 
density  matrix  operator,  v  is  the  relaxation  frequency,  and 
E„  is  the  energy  eigenvalue  for  the  state  m  (m  =  1,  2).  After 
some  manipulations  it  is  realized  that  the  solution  to  the 
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integral  equation  may  be  written  [7,  8] 

£■(»•)  =  £°(r)  -  {7?x  Fixir)  +  +  7iz (6) 

where  the  following  notation  is  used 


and  so  the  integrations  must  be  performed  carefully.  After  a 
rather  lengthy  calculation  it  is  found  that 


I  eh  P 


2%^  im  ^ 


/^J»-)  =  ^|G(g)v-ix(«)e'’-d^g, 

(7) 

iV  =  j  FiM  -hJir)  d\ 

(8) 

and 

yl  =  1  £»  -yi^)  dV. 

(9) 

Here  jix(q)  is  tbe  Fourier  transformed  transition  current 
density.  The  symmetry  properties  of  the  model  imply  that 
the  functions  Fuir)  and  Fij(r)  immediately  can  be  obtained 
once  the  explicit  expression  for  is  known.  Thus,  in  the 
following  we  shall  pay  particular  attention  to  this  function. 


Here  =  {cc>lc)Je{oi),  e(co)  being  the  dielectric  function  of 
the  ambient  medium,  y  is  the  angle  between  r  and  e^,  and 
the  Q  functions  are  defined  through 

=  r  dq  (16) 

Jo  '?o  ~ 


3.  Isotropic  harmonic  oscillator 

The  two  states  Is  and  2p^  are  taken  as  the  gound  state  and 
first  excited  state  of  a  3-dimensional,  isotropic  harmonic 
oscillator.  The  wavefunctions  for  these  states  are 

03/2 

^  (10) 


and 


^2px(*’)  “  V  2  3^4  XS 


.-p2r2/2 


(11) 


where  the”  x-axis  is  in  the  direction  of  the  excited  orbital, 
and  P  =  (tncoolh)^^^,  hcoo  being  the  energy  separation 
between  the  states.  From  the  wavefunctions  the  transition 
current  density  is  immediately  found,  i.e. 


2im 


(12) 


where  e^  is  a  unit  vector  in  the  direction  of  the  excited 
orbital.  In  sec.  5  also  the  integrated  current  density  is 
needed.  Using  eq.  (12)  the  explicit  expression  for  this  quan¬ 
tity  becomes 


yix(»')  ^  , 


(13) 


4.  Calculation  of  the  local  field 

In  general  the  Green’s  function  can  be  split  into  two  parts:  a 
direct  part  (D)  and  an  indirect  part  (I).  In  turn,  the  function 
TxJif)  consists  of  two  contributions 

^'ix(»-)  =  TUr)  +  ^L(»-).  (14) 

The  indirect  part  corresponds  to  field  propagation  involving 
one  or  more  reflections  at  the  boundaries  of  the  geometry  in 
question.  Consequently  this  part  vanishes  for  a  current 
source  embedded  in  an  infinite  homogenous  medium.  The 
remaining  direct  Green’s  function  D  (^r)  is  discussed  in  [7] 
and  [10].  This  part  contains  a  singularity  in  Fourier  space. 


with 


LW)  = 


cos  qr 
sin  qr 


for  n  even 
for  n  odd 


As  anticipated  the  integrals  contain  a  singularity.  Due  to  the 
generally  complex  values  of  e(co),  however,  the  poles  q  =  ±qo 
will  never  be  located  on  the  real  g-axis.  Consequently  absol¬ 
ute  convergence  can  be  assumed.  The  explicit  expressions 
for  these  integrals  are  obtained  using  results  in  [11].  The 
three  components  of  the  above  vector  are  defined  as  follows: 
the  (3)  component  is  along  r,  the  (1)  component  is  chosen  so 
that  is  contained  in  the  (l)-(3)  plane,  and  finally  the  (2) 
component  is  orthogonal  to  the  (l)-(3)  plane.  In  the  limit 
r  -» 0  the  “near-field”  is  obtained.  Using  the  general  expres¬ 
sion  above  and  the  approximation  |  go  I  j?  it  is  found  that 


^/2  ehp* 

im  ql 


(17) 


Consequently  it  is  verified  that  no  sigularities  exist  in  the 
near-field. 


5.  Local  field  factor 


In  order  to  find  the  numerical  value  of  the  local  field  the 
quantities  and  N  need  to  be  evaluated.  As  the  back¬ 
ground  field  is  assumed  to  be  slowly  varying  one  imme¬ 
diately  has  [cf.  eq.  (9)] 

y?,«£'>(0)-/i,.  (18) 

The  quantity  N  may  in  general  be  decomposed  according  to 
N  =  N^  +  N‘.  (19) 


The  indirect  term  vanishes  in  the  present  context,  and  the 
remaining  term  can  be  calculated  using  polar  coordinates 
with  y  as  the  polar  angle.  When  the  assumption  |  go  I  is 
used,  the  following  result  is  found 


m)  2dn^^^ql' 


(20) 
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Using  eqs.  (6),  (17),  (18)  and  (20)  the  field  at  r  =  0  can  be  On  the  basis  of  eq.  (25)  the  blue-shift  A  of  the  resonance 
written  becomes 


£■(0)  =  LE\0), 


(21) 


where  the  local  field  factor  L,  which  here  is  defined  as  the 
ratio  between  the  local  field  and  the  background  field,  is  a 
scalar  rather  than  a  tensor.  From  the  result  obtained  above 
it  is  found  that 


_  2^2  aN 

l+aN' 


(22) 


Let  us  now  apply  the  present  theory  to  a  GaAs  quantum 
dot  embedded  in  a  Gai_*Al,As  medium.  For  this  system 
the  dielectric  function  can  be  calculated  using  data  from 
[12].  As  electronic  parameters  the  following  values  are  used: 
hcoo  =  llOmeV,  hv  =  7.5  meV  and  m  =  0.068mo,  where  mo 
is  the  free  electron  mass.  These  values  correspond  to  a 
wavefunction  extent  ~l/jS  of  approximately  l//3a30A. 
The  quantity  a  is  evaluated  using  the  assumption  that  the 
Fermi-level  lies  in  between  the  two  levels.  In  the  low  tem¬ 
perature  approximation  one  consequently  has  Pu  =  1  and 
P22  =  0  so  that 


Po _ 2a)o _ 

h  {(0  +  iv)^  —  coq 


(23) 


Using  these  results,  L  has  been  calculated  as  a  function  of  to. 
The  result  is  shown  in  Fig.  1. 

A  significant  feature  of  this  curve  is  that  the  local  field 
resonance  is  blue-shifted  with  respect  to  the  electronic  tran¬ 
sition  frequency.  The  shift  can  be  found  from  the  condition 


Re  [1  -t-  oAH  =  0.  (24) 

In  the  frequency  range  of  interest  one  can  take  £(00)  » 

11.1  [12].  The  general  solution  to  the  resonance  condition 
in  the  case  where  v  «  0,  then  is  given  by 


(25) 


where 


at 


127C^/%£<„h 


M  =  ftco  —  ftcoo  **5.1  meV.  (26) 

It  must  be  emphasized  that  the  predicted  shift  has  a  differ¬ 
ent  physical  origin  than  the  blue-shift,  which  is  normally 
discussed  in  relation  to  quantum  dots.  The  confinement  of 
the  electrons  itself  leads  to  a  blue-shift  of  the  transition  fre¬ 
quency  [1].  Thus,  this  shift  is  a  result  of  a  change  in  the 
electronic  Hamiltonian  (H°)  due  to  confinement,  whereas 
the  shift  obtained  in  the  present  work  is  a  result  of  a 
confinement-dependent  change  in  the  interaction  Hamilto¬ 
nian  (H’”‘)  between  the  electrons  and  the  electromagnetic 
field. 

In  order  to  provide  a  qualitative  demonstration  of  the 
results  of  the  present  treatment  the  normalized  local  field  is 
plotted  in  Fig.  2  as  a  function  of  the  radial  distance  from  the 
center  of  the  potential.  Here  the  frequency  is  taken  as 
ho)  =  120meV,  the  background  field  is  polarized  along  e^, 
and  the  value  y  —  7t/2  is  used. 

In  [4]  it  is  stated  that  for  quantum  dots  of  high  symmetry 
the  internal  field  will  be  uniform  and  slowly  varying  across 
the  dot,  except  in  the  case  of  strong  resonances.  These  argu¬ 
ments  are  based  on  a  comparison  between  the  wavelength 
of  the  optical  field  and  the  size  of  the  quantum  dot.  The 
present  work  shows  that  this  is  an  inadequate  measure  of 
the  effect  of  nonlocality,  as  it  is  the  spatial  behavior  of  the 
local  field  and  not  the  background  field,  which  determines 
the  “degree  of  nonlocality”. 

6.  Summary 

In  this  paper  we  have  derived  a  general  expression  for  the 
local  field  inside  a  quantum  dot  embedded  in  a  homogenous 
medium.  Starting  from  a  self-consistent  integral  equation, 
the  direct  part  of  the  local  field  is  identified.  The  electronic 
confinement  in  the  quantum  dot  is  modelled  by  an  isotropic, 
parabolic  potential,  and  only  transitions  between  the 
ground  state  and  the  first  excited  state  are  taken  into 
account.  It  is  verified  that  the  magnitude  of  the  local  field 
has  a  finite  value  at  all  positions  in  space.  Finally  a  reson¬ 
ance  condition  is  set  up  for  the  near-field,  and  it  is  shown 
that  the  local  field  resonance  frequency  is  blue-shifted  with 


ftoj  [meV] 


/sr 


Fig.  1.  The  local  field  factor  L  as  a  function  of  to.  The  vertical  dashed  line 
indicates  the  electronic  transition  frequency.  The  additional  resonance 
around  SSmeV  is  the  phonon  resonance  in  GaAs. 


Fig.  2.  The  normalized  local  field  as  a  function  of  the  radial  distance  r.  The 
real  and  imaginary  parts  are  shown  as  the  solid  line  and  the  dashed  line, 
respectively.  The  frequency  is  taken  as  fito  =  120meV. 
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respect  to  the  electronic  transition  frequency.  For  a 
GaAs/Gai_;cAlj.As  quantum  dot  with  a  wavefunction  extent 
of  30  A  and  a  transition  frequency  of  ha>Q  =  110  meV  a  shift 
of  S.lmeV  is  predicted.  The  calculation  of  the  local  field 
shows  that  the  internal  field  inside  the  quantum  dot  may 
have  a  strong  spatial  dependence,  even  when  the  back¬ 
ground  field  is  slowly  varying.  Consequently  an  important 
conclusion  is  that  nonlocal  effects  are  of  significant  impor¬ 
tance  also  in  the  case,  where  the  optical  wavelength  is  much 
larger  than  the  extent  of  the  quantum  dot.  In  the  present 
treatment  the  diamagnetic  contribution  to  the  current 
density  is  neglected,  thus  violating  charge  conservation. 
Consequently  the  validity  of  the  results  is  restricted  to  the 
region  co  x  coq,  where  the  paramagnetic  contribution  domi¬ 
nates.  The  inclusion  of  diamagnetic  effects  is  expected  to  be 
important  outside  this  region  but  the  general  conclusions 
regarding  the  significance  of  nonlocality  are  believed  to  be 
valid  still.  The  effect  of  diamagnetism  on  the  blue-shift  of  the 
local  field  resonance  is  still  unclear. 
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Abstract 

The  single^electron  theory  of  resonant-tunneling  through  a  double-barrier 
structure  with  perfect  interfaces  has  been  reviewed,  and  the  future  direction 
of  theoretical  development  including  the  electron-electron  interaction  and 
rough  interfaces  is  outlined.  The  theoretical  understanding  of  this  system 
reveals  its  potential  application  to  quantum  electronic  devices. 


1.  Introduction 

The  molecular-beam  epitaxy  (MBE)  technique  has  opened 
an  entirely  new  area  of  condensed  matter  physics  including 
materials  fabrication,  experimental  characterization,  theo¬ 
retical  investigation,  and  device  designs.  So  far  the  most 
popular  field  of  research  is  based  on  the  MBE-fabricated 
low-dimensional  III-V  systems  such  as  quantum  dots, 
quantum  wires,  quantum  wells  and  superlattices.  Because  of 
the  high  carrier  mobility  in  these  heterostructures,  they  are 
potential  systems  for  modern  high  speed  electronic  devices. 
However,  one  important  aspect  of  the  III-V  semiconductors 
is  their  far  superior  optical  properties  over  the  group  IV 
semiconductors.  It  is  therefore  of  great  interest  to  combine 
the  transport  and  optical  properties  of  III-V  materials,  in 
an  effort  towards  the  creation  of  a  new  generation  of 
quantum  devices. 

In  this  paper  we  will  restrict  ourselves  to  the  double¬ 
carrier  (DB)  resonant-tunneling  (RT)  systems  which,  under  a 
DC  bias  V  is  schematically  illustrated  in  Fig.  1,  where  inter¬ 
faces  are  parallel  to  the  xy-plane  and  the  tunneling  is  along 
the  z-axis.  Ignoring  the  external  circuit,  from  the  left  to  the 
right,  the  DBRT  structure  consists  of  a  heavy  doped  region, 
a  spacer  (S),  a  barrier,  a  well,  another  barrier,  another  spacer 
(S),  and  another  heavy  doped  region.  In  a  bipolar  DBRT 
structure,  the  doping  is  n-type  at  one  end,  but  p-type  at  the 
other  end.  In  this  case  one  has  to  consider  both  the  electron 
tunneling  through  the  conduction  band,  and  the  hole  tun¬ 
neling  through  the  valence  band,  as  indicated  by  the  upper 
diagram  in  Fig.  1.  A  simpler  system  is  the  unipolar  DBRT 
structure  in  which  the  dopings  are  either  n-type  or  p-type. 
Hence,  only  one  energy  is  involved  in  the  tunneling  trans¬ 
port.  For  simplicity,  let  us  consider  the  n-doped  unipolar 


DBRT  structure  shown  in  the  lower  diagram  in  Fig.  1. 
Depending  on  the  structure  of  a  DBRT  diode,  there  may 
exist  bound  states  in  the  spacer  at  the  emitter  side.  If  elec¬ 
trons  tunnel  from  the  emitter  Fermi  sea  (or  the  bound  state), 
we  call  the  emitter  a  3D  (or  2D)  emitter. 

In  this  paper  we  will  first  review  the  important  theoretical 
works  on  tunneling  through  a  n-doped  unipolar  DBRT 
structure,  within  the  framework  of  single-electron  approx¬ 
imation  and  assuming  perfect  interfaces.  In  most  general 
form  the  total  Hamiltonian  -|-  -t-  consists 


Fig.  1.  Schematic  illustration  of  a  bipolar  and  a  unipolar  double-barrier 
resonant-tunneling  structure. 
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of  an  electronic  part 

^el  ~  X  P  ^1.  P  ^J.  P 

j.P  X 

+  'Li^j.PxClCj,fi  +  h.C.'],  (1) 

J.  X,  P 

where  y  =  /  (or  r)  refers  to  the  left  emitter  (or  right  collector), 
a  part  for  the  surrounding  field,  and  a  part  rep¬ 
resenting  the  interaction  between  the  electron  and  the  field. 

is  the  electronic  energy  in  the  emitter  or  the  collector, 
and  Ej  is  the  quasibound  state  energy  in  the  well  with  width 
r.  The  tunneling  matrix  elements  are  calculated 

according  to  Bardeen’s  prescription  [1]  using  the  potential 
in  Fig.  1.  In  this  review  we  will  consider  3^^  for  the  phonon 
field,  the  external  uniform  magnetic  field,  and  an  AC  bias. 


2.  Single-electron  theory  of  RT  with  perfect  interfaces 

The  first  case  we  consider  is  the  electron-phonon  inter¬ 
action  which  breaks  the  phase  coherence.  The  observed 
phonon-replica  in  the  1-V  characteristic^  was  previously 
analyzed  by  several  theoretical  attempts^"’  using  a  one 
dimensional  phonon  model.  This  model  has  neglected  the 
electron  recoils  when  it  scatters  inelastically  against  a  LO 
phonon  and  therefore  underestimates  the  electron-phonon 
interaction. 

Recently,  a  three-dimensional  model  was  considered  [8], 
and  the  results  so-obtained  will  be  outlined  here.  The  elec¬ 
tronic  energies  in  a  3D  emitter  and  collector  are  ^  p 
-I-  8*11 ,  where  p  is  the  momentum  component  along  the 
z-axis,  and  8*||  =  h^kl/2m*.  For  simplicity,  only  one  quasi¬ 
bound  state  (a  s  c)  energy  is  considered.  The 

phonon  Hamiltonian  Jfp*  is  simply 

=  X  ^liQ’  9)^1  a.  q  Q.  q  >  (2) 

i.  <2.4 

where  q  is  the  phonon  momentum  along  the  z-axis.  The 
inelastic  electron-LO  phonon  scatterings  are  expressed  in 
terms  of  the  Frohlich  Hamiltonian  [9] 

^s—  S  ^ -  e.  4  Q.  4)^1  k  II  +  c  k  II  • 

i.  e.  4.  k|| 

The  essential  theoretical  work  is  to  calculate  the  probabil¬ 
ity  T(8x,  A||)  for  an  electron  occupying  the  state  (e^,  ^n)  in 
the  left  emitter  to  be  transmitted  to  the  right  collector,  from 
which  the  tunneling  current  can  be  obtained.  T{e^,  *||)  can 
be  formulated  according  to  the  scattering  theory,  and  the 
wide  band  approximation^  (WBA)  X I 

P 

—  Ej_  fi)  Fj-  has  been  commonly  used.  The  WBA  is  a  justi¬ 
fied  approximation,  but  special  care  should  be  taken  if  the 
energy  is  very  close  to  the  bottom  of  the  conduction  band 
edge  in  the  emitter.  After  applying  the  WBA,  the  simplified 
form  of  T(ex,  E||)  is  then  analyzed  with  a  cumulant  expan¬ 
sion,  which  can  easily  include  higher  order  vertex  contribu¬ 
tions.  It  is  important  to  mention  that  the  weak  LO  phonon 
dispersion  is  usually  neglected. 

It  was  found  in  Ref.  [8]  that  the  I-V  characteristics 
depends  strongly  on  the  Fermi  energy  (or  the  doping 
concentration)  in  the  emitter.  When  an  electron  in  the 
emitter  with  total  energy  8^  -I-  8*||  tunnels  into  the  well  and 
emits  a  LO  phonon,  the  final  energy  of  the  electron  -I-  £*,1' 


satisfies  the  conservation  of  energy  =  £1  —  hco^Q,  q)  -I-  e*|| 
—  8*||-,  where  k\\  =  —Q.  Therefore,  if  the  Fermi  energy 

is  comparable  or  larger  than  the  LO  phonon  energy,  we 
may  have  8^  ^  8^ .  Consequently,  as  the  Fermi  energy  in  the 
emitter  is  increased,  the  electron-recoil  broadens  the 
phonon-replica,  which  is  also  shifted  towards  the  main  peak. 
When  the  Fermi  energy  reaches  the  LO-phonon  energy,  the 
phonon-replica  and  the  main  peak  merge  into  one.  This 
mechanism  can  change  drastically  the  peak-to-valley  ratio 
of  the  tunneling  current. 

The  second  case  we  review  is  the  RT  through  a  DB  struc¬ 
ture  under  a  uniform  magnetic  field  B.  There  are  two  inter¬ 
esting  cases:  B\\I  and  BLI.  For  BLI,  the  Lorentz  force 
modifies  A||  as  the  electron  tunnels  through  the  barrier  at 
the  emitter  side.  Therefore,  the  field-free  RT  condition  will 
be  destroyed,  but  can  be  restored  by  adjusting  the  bias.  In 
this  way  the  electronic  dispersion  relation  8*1,  in  the 
quantum  well  can  be  measured. 

The  more  interesting  situation  is  B||/.  There  have  been 
extensive  experimental  effort  to  deduce  from  the  I-V  curve 
and  the  I-B  curve  the  effective  mass,  the  charge  buildup  in 
the  well,  and  the  dimensionality  (2D  or  3D)  of  the  emitter 
(see  references  in  Ref.  [10]).  However,  here  we  will  outline  a 
recent  theoretical  study  on  phonon-assisted  resonant  mag¬ 
netotunneling  (PARMT)  through  a  DBRT  diode  [10].  The 
results  are  more  interesting  if  the  emitter  is  2D,  for  which  all 
electronic  energies  in  (1)  are  simply  Landau  levels  Ej  -I-  {nj 
+  j)hcoi.  Here  we  assume  only  one  bound  state  energy  Ej  in 
the  emitter  spacer  (J  =  1),  the  well  (j  =  c),  and  the  collector 
spacer  (j  =  r),  and  (oj.  is  the  corresponding  cyclotron  fre¬ 
quency.  To  describe  unambiguously  the  important  results, 
let  us  consider  a  dispersionless  phonon  spectrum  with 
energy  hcoo  ■  At  low  temperature  one  expects  the  formation 
of  magnetic  polaron  due  to  the  phonon  emission,  which  was 
indeed  observed  [11]. 

At  finite  temperature  there  is  aSso  phonon  absorption 
process  which  has  never  been  obs.’^ved  in  bulk  semicon¬ 
ductors,  but  may  be  detected  in  a  iJBRT  diode  because  of 
the  spatial  confinement  of  the  wave  functions.  Without 
inelastic  electron-phonon  scattering,  the  RT  obeys  the  selec¬ 
tion  rule  8,  -f  (n,  j)hcoj,  =  £c  +  (”/  +  ■  However,  the 

condition  for  PARMT  is  8,  +  (n,  +  j)ho}‘^  =  £c  +  («c  + 

—  vkcop ,  where  v  is  a  positive  integer.  Consequently,  if  (n^ 

—  n,)h(Oc  =  vhcoo ,  then  the  direct  RT  and  the  PARMT 
occur  at  the  same  bias  voltage.  This  double  resonance  has  a 
single  broad  peak  in  the  I-V  curve.  On  the  other  hand,  if 
(n^  —  n,  ±  j)hcol  =  vhcog ,  the  direct  RT  current  peak  is  very 
sharp  and  is  sandwiched  between  two  satellite  PARMT 
peaks.  The  theoretical  analysis  of  PARMT  follows  the 
similar  procedure  as  the  case  discussed  above  without  an 
external  magnetic  field.  In  reality,  v  =  1  with  available  high 
magnetic  field.  The  details  study  with  numerical  calculation 
[10]  discovered  a  characteristic  oscillation  of  the  width  and 
height  of  the  main  peak  in  the  I-V  curve  when  the  ratio 
(Oo/oil  changes  between  integer  and  half-integer.  Such  phe¬ 
nomenon  exhibits  even  at  a  temperature  of  200  K.  There¬ 
fore,  if  confirmed  experimentally,  this  theoretical  prediction 
provides  an  additional  method  to  determine  the  electronic 
effective  mass  (via  o')  in  the  quantum  well  under  the 
dynamical  RT  condition. 

Finally  we  review  the  RT  under  a  combined  DC-AC  bias. 
In  this  case  the  total  Hamiltonian  is  simply  eq.  (1)  with  the 
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Position  Along  Growth  Direction  (A) 

Fig.  2.  Selfconsistent  potential  profile  and  energy  levels  of  a  bipolar 
RTLED  under  the  condition  of  simultaneous  RT.  The  dotted  lines  marks 
the  local  Fermi  energies  of  electrons  and  holes. 

electronic  energy  =  ej_p(t)  +  Cfc,, ,  and  E,  =  e<,(r)  +  fijn . 
This  Hamiltonian  has  been  studied  by  several  authors  [12- 
18].  However,  the  central  theme  of  the  problem  is  the  char¬ 
acteristic  response  of  a  DBRT  diode  to  an  applied  bias.  Is 
the  response  inductive  or  capacitive?  Since  the  quasibound 
state  in  the  well  has  a  finite  life  time  l/F,  there  is  a  time 
delay  of  the  current  following  the  switch-on  of  the  bias, 
resulting  in  an  intrinsic  inductive  characteristics  of  each  RT 
process.  Only  very  recently  a  thorough  theoretical  analysis 

[19]  has  cleared  this  physical  picture,  and  provided  a  solid 
framework  for  high  frequency  devices  applications.  With  a 
combined  DC-AC  bias  Vq  +  F(ajt)  =  Vq  +  Vi  sin  cot,  the 
current  I{co,  t)  =  Iq{(o)  -l-  /i(co,  t)  can  be  solved  and  so  the 
admittance  y{cu)  is  derived,  from  which  we  obtain  the  AC 
conductance  G(co)  =  [Re  y“^(co)]~^  and  the  intrinsic  induc¬ 
tance  L(co)  =  1/co  Im  y“^((u). 

Knowing  the  conductance  and  the  inductance,  we  can 
construct  a  quantum  equivalent  circuit  of  the  DBRT  diode. 
From  this  equivalent  circuit  the  upper  limit  of  operating  fre¬ 
quency  co„„^  for  the  DBRT  diode  can  be  calculated  rather 
accurately.  As  an  example,  using  the  diode  of  Brown  et  al. 

[20]  the  theoretical  value  is  =  187  GHz  for  the  tem¬ 
perature  300  K,  in  good  agreement  with  the  observed 
(0^^  200  GHz. 

3.  Further  complications 

Our  review  in  the  previous  section  has  neglected  two  impor¬ 
tant  aspects:  the  interface-roughness  scattering  (SRS)  and 
the  electron-electron  interaction  (EEI)  in  the  well.  The  SRS 
is  the  dominating  inelastic  scattering  channel  if  the  DBRT 
structure  has  thick  and  low  barriers.  Works  in  this  area 
were  summarized  in  a  recent  paper  by  Johansson  [21], 
where  he  has  shown  a  reduction  of  about  10%  in  peak 
current,  but  a  several  order  of  magnitude  increase  in  valley 
current  by  SRS.  Such  dramatic  decrease  of  peak-to-valley 
ratio  is  of  crucial  importance  for  quantum  device  designs. 

For  a  realistic  DB  diode  under  RT  condition,  the  density 
of  charge  accumulated  in  the  well  is  of  the  order  10“cm~^. 


Via  the  EEI,  this  accumulated  charge  modifies  the  effective 
single-electron  potential  and  so  alters  all  parameters  in  the 
Hamiltonian.  A  very  important  direct  consequence  of  the 
EEI  is  the  observed  intrinsic  bistability  in  the  I-V  curve 
[22].  Earlier  works  on  this  problem  included  only  the 
Coulomb  term  of  the  EEI  [23,  24].  A  recent  study  [25] 
including  the  exchange-correlation  term  within  the  random 
phase  approximation  (RPA)  indeed  improved  the  agreement 
with  experiments.  However,  the  validity  of  RPA  for  the 
charge  density  in  question  is  doubtful. 

It  is  obvious  that  for  DBRT  structures,  at  least  two  issues 
need  to  be  clarified  in  the  future:  the  combined  effect  of 
electron-phonon  interaction  and  surface-roughness  scat¬ 
tering,  and  a  better  treatment  of  the  exchange-correlation 
effect  than  the  simple  RPA. 

4.  Selfconsistent  scheme  for  device  modelling 

As  we  mentioned  in  the  Introduction,  the  potential  applica¬ 
tion  of  DBRT  diodes  made  from  III-V  semiconductor  lies 
in  optical  devices,  but  making  use  of  the  fast  RT  to  bring 
electrons  and  holes  into  the  well.  Here  we  consider  a  RT 
light  emitting  diode  (LED),  the  main  part  of  which  is  a 
bipolar  DBRT  structure.  For  such  device  modelling,  one 
needs  to  solve  selfconsistently  the  Schrodinger  equation  and 
the  Poisson  equation.  The  selfconsistent  modelling  suggests 
the  following  RTLED.  The  symmetric  bipolar  DBRT  diode 
has  the  following  specific  structure  with  50  A  spacers. 

A1o.065G^0.935As/A1o_o65^®0.935As/ 

AIq  jGa^^As/GaAs/AlQ^GaQ^^  As/ 

Alo.04lGao.959As/p''’Alo.04lGao.959As. 

The  doping  concentration  is  2  x  10‘®cm“^  for  donor  and 
4  X  10^®cm“^  for  acceptor.  Under  a  forward  bias  of  —1.6 
Volts  the  DBRT  diode  achieves  simultaneous  RT  of  both 
electrons  and  holes,  as  shown  in  Fig.  2.  The  in-tunneling 
electrons  and  holes  are  confined  in  the  well  to  recombine  to 
emit  light.  This  is  the  first  step  to  make  an  efficient  LED. 
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Abstract 

We  calculate  the  magnetic  moment  (“persistent  current”)  in  a  strongly  cor¬ 
related  electron  system  -  a  Wigner  crystal  -  in  a  one-dimensional  ballistic 
ring  (quantum  ring).  The  flux-  and  temperature  dependence  of  the  persist¬ 
ent  current  is  shown  to  be  essentially  the  same  as  for  a  system  of  non¬ 
interacting  electrons.  In  contrast,  by  incorporating  into  the  ring  geometry  a 
tunnel  barrier,  that  pins  the  Wigner  crystal,  the  current  is  suppressed  and 
its  temperature  dependence  is  drastically  changed.  The  competition 
between  two  temperature  effects  -  a  reduced  barrier  height  for  macroscopic 
tunneling  and  a  loss  of  quantum  coherence  -  results  in  a  sharp  peak  in  the 
temperature  dependence,  which  for  a  rigid  Wigner  crystal  appears  at 
T  ~  O.Shs/L,  (s  is  the  sound  velocity  of  the  Wigner  crystal,  L  is  the  length 
of  the  ring). 

In  recent  experiments  [1,  2]  persistent  currents  have  been 
observed  in  the  ballistic  transport  regime  of  mesoscopic 
rings  formed  in  the  laterally  confined  two-dimensional  elec¬ 
tron  gas  of  certain  AlGaAs  heterostructures  [3].  The 
current  /  and  the  associated  magnetic  moment  were  found 
to  oscillate  as  a  function  of  magnetic  fiux  with  period  <&o  = 
hole  -  the  quantum  unit  of  fiux  -  and  amplitude  /q  ~ 

{e  is  the  electronic  charge,  Vf  the  Fermi  velocity,  and  L  the 
length  of  the  circumference  of  the  ring).  These  results  are  in 
excellent  agreement  with  a  theory  of  such  Aharonov-Bohm 
(AB)  oscillations  based  on  a  free  electron  model  of  the  bal¬ 
listic  electrons  [4,  5].  Since  electron-electron  interactions  in 
the  semiconductor  ring  are  not  weak,  and  since  electron 
correlations  must  play  an  important  role  when  the  density 
of  conducting  electrons  is  low,  this  agreement  is  quite  sur¬ 
prising.  In  diffusive  metal  rings,  for  example,  where  the  elec¬ 
tronic  mean  free  path  is  short  (/  <  L),  it  has  been  suggested 
that  electron  correlations  significantly  enhance  the  ampli¬ 
tude  of  the  AB  oscillations  [6].  Thus  the  question  of  how 
Coulomb  correlations  in  a  system  of  ballistic  electrons  affect 
the  magnitude  of  the  persistent  current  is  of  significant  inter¬ 
est. 

In  this  letter  we  study  persistent  currents  and  AB  oscil¬ 
lations  in  systems  of  spinless  interacting  electrons  confined 
to  a  one-dimensional  ring;  the  electrons  are  assumed  to  be 
so  strongly  correlated  that  they  form  a  Wigner  crystal.  In  an 
ideal  ring  the  mechanism  of  the  persistent  current  is  a  dissi¬ 
pationless  sliding  of  the  crystal  as  a  whole.  We  demonstrate 
that  the  resulting  current  oscillates  as  a  function  of  magnetic 
flux  with  period  $o-  It®  amplitude  at  low  temperatures  is 
exactly  the  same,  Iq  =  evp/L  (vp  =  nhima  is  the  Fermi 
velocity,  a  is  the  period  of  the  Wigner  crystal,  m  is  the  elec¬ 
tron  mass)  as  for  noninteracting  electrons  of  the  same 
density  in  accordance  with  a  general  theorem  [7].  If  the 


temperature  is  raised,  the  amplitude  of  the  oscillations  is 
exponentially  suppressed:  /(T)  ~  /q  exp  (—nT/lTo),  where 
To  =  hvy/L  is  the  characteristic  crossover  temperature. 
Therefore  the  magnitude  as  well  as  the  temperature  depen¬ 
dence  of  the  persistent  current  carried  by  an  ideal  Wigner 
crystal  looks  completely  identical  to  that  of  a  current 
carried  by  a  free  electron  gas. 

The  situation  changes  drastically  if  a  potential  barrier, 
somewhere  along  the  ring,  impedes  the  motion  of  the  elec¬ 
trons.  Charge  transport  in  this  case  requires  that  electrons 
tunnel  through  the  barrier  -  the  process  which  for  strongly 
correlated  electrons  can  be  viewed  as  a  macroscopic  tunnel¬ 
ing  of  a  Wigner  crystal-ring.  In  the  case  of  high  enough 
barrier  (strong  pinning)  it  is  convenient  to  think  of  the 
motion  of  the  crystal  as  a  two-step  process,  where  first  a 
single  electron  tunnels  through  the  barrier  producing  a 
deformation  of  a  finite  portion  of  the  Wigner  crystal,  which 
then  is  relaxed  [8,.  9}.  This  process  necessarily  depends  on 
the  elastic  properties  of  the  crystal,  and  as  a  result  the  mag¬ 
nitude  of  the  persistent  current  will  depend  on  the  sound 
velocity;  "the  Wigner  lattice.  As  our  analysis  below  will 
show,  the  temperature  dependence  of  the  amplitude  of  the 
AB  oscillations  is  also  affected  in  a  qualitative  way.  The 
presence  of  the  tunnel  barrier,  which  pins  the  Wigner  crystal 
and  makes  charge  transfer  possible  only  by  macroscopic 
tunneling,  strongly  decreases  the  zero  temperature  value  of 
the  persistent  current  since  for  a  repulsive  interaction 
quantum  fluctuations  in  a  strongly  correlated  electron 
system  renormalize  the  barrier  upward.  The  finite  ring  cir¬ 
cumference  cuts  off  the  divergent  renormalization  of  the 
barrier  height  which  occurs  in  the  thermodynamic  limit  of  a 
Luttinger  liquid  [10]  or  Wigner  crystal  [8,  9].  Thus  the  per¬ 
sistent  current  at  zero  temperature  is  greatly  reduced  but  is 
still  finite.  The  competition  between  two  effects  of  an 
increased  temperature  -  a  temperature  stimulated  tunneling 
and  a  loss<of  phase  coherence  due  to  the  enhancement  of 
destructive  interference  -  leads  to  a  sharp  maximum  in  the 
temperature  dependence  of  the  persistent  current.  For  a 
rigid  crystal  this  maximum  occurs  at  T  ~  0.57^,  where  7^  = 
hs/L  >  To .  This  effect  makes  it  possible  to  measure  the 
Wigner  crystal  sound  velocity  in  a  ring  with  an  “adjustable 
barrier”  (height  controlled  by  a  gate  voltage). 

The  starting  point  of  our  analysis  is  a  model  system, 
where  the  Wigner  crystal  is  regarded  as  an  elastic  chain  of 
spinless  electrons  forming  a  ring.  In  the  presence  of  a  poten¬ 
tial  barrier,  smooth  on  the  scale  of  a  but  well  localized  on 
the  scale  of  L,  the  Lagrangian  of  such  a  system  in  the  long 
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wavelength  approximation  is  [9] 

^  =  -  ^0  Six)  cos  (</>).  (1) 

Here  (j)  =  2nu{x)la  is  the  dynamical  displacement  field  of 
the  crystal  and  Vq  is  the  magnitude  of  the  pinning  potential 
(without  loss  of  generality  placed  at  the  point  x  =  0). 

We  emphasize  that  (1)  is  an  effective  Lagrangian  that 
describes  the  long  wavelength  aspects  of  the  quantum 
dynamics  of  the  Wigner  crystal.  The  short  wavelength  fluc¬ 
tuations  do  not  affect  the  global  dynamics  of  the  system, 
and  only  result  in  a  renormalization  of  the  magnitude  Vq  of 
the  potential,  (already  included  in  (1)  but  negligible  for  a  stiff 
Wigner  crystal  [9]).  We  assume  that  the  ring  circumference 
is  large  enough  to  justify  dropping  terms  from  (1)  which  are 
irrelevant  in  an  infinite  system. 

In  the  presence  of  a  magnetic  field,  directed  normal  to  the 
plane  of  the  ring,  the  one-dimensional  Lagrangian  (1) 
acquires  an  additional  term,  Li„,.  This  term  describes  the 
AB  interaction  of  the  Wigner  crystal  with  the  vector  poten¬ 
tial  of  an  electromagnetic  field,  =  O/L  (d>  is  the  magnetic 
flux  through  the  ring).  The  AB  interaction  term,  rewritten 
using  the  real  scalar  displacement  field  (j),  has  the  form  of  a 
total  time  derivative, 

Li„,  =  (fi/L)((I)/Oo)^,  (2) 

and  affects,  as  must  be  the  case,  only  the  quantum  dynamics 
of  the  crystal. 

The  flux-induced  persistent  current  /(d))  =  —cdF/d<S>,  is 
defined  in  terms  of  the  sensitivity  of  the  free  energy  of  the 
ring  to  a  magnetic  flux.  For  the  following  analysis,  it  is  con¬ 
venient  to  express  the  free  energy  f  as  a  functional  integral 
over  quantum-  and  thermal  fluctuations  of  the  displacement 
field, 

F  =  T  In  I  £  (- I (3) 

where  the  action  derives  from  the  Lagrangian  (1),  (2)  in 
the  imaginary  time  representation.  “Twisted”  boundary  con¬ 
ditions  in  imaginary  time  are  imposed  on  the  field  (p  (see, 
e.g.  [11]): 

^„(t  -I-  x)  =  (/>„(t,  x)  +  2nn.  (4) 

Here  n  =  0,  +1,  ±2,  ...  is  the  topological  (winding) 
number,  classifying  homotopically  inequivalent  trajectories. 
The  physical  meaning  of  the  boundary  condition  (4)  follows 
from  the  definition  of  the  field  (p  =  2Tiu{x)ja;  a  uniform  shift 
of  the  crystal  by  a  distance  equal  to  an  integer  times  the 
lattice  constant  a  leads,  in  the  ring  geometry,  to  a  state  iden¬ 
tical  to  the  initial  state  after  certain  permutations  of  elec¬ 
trons.  For  the  minimum  shift  by  1  x  a  {A(p  =  2n),  the  initial 
state  is  recovered  after  (N  —  1)  successive  permutations  of 
pairs  of  electrons.  The  corresponding  extra  phase  n{N  —  1), 
that  appears  in  the  many-particle  wave-function  because  the 
electrons  obey  Fermi  statistics,  generates  the  factor 
(_l)n(x-i)  jjj  ggg  below,  this  factor  properly 

accounts  for  the  parity  effects  in  the  response  of  one¬ 
dimensional  interacting  electrons  to  a  magnetic  field  [12- 
14].  We  note  in  passing  that  the  analogous  twisted 
boundary  conditions  appear  when  the  Luttinger  model  is 
applied  to  a  ring  geometry  [13].  The  appearance  of  the 
homotopy  index  n  in  the  boundary  condition  (4)  suggests 


that  the  functional  integral  should  first  be  calculated  for  tra¬ 
jectories  belonging  to  a  definite  homotopy  class,  and  then 
the  homotopically  non-equivalent  classes  of  trajectories 
should  be  summed  over. 

In  every  homotopy  class  we  will  calculate  the  functional 
integral  using  the  saddle  point  approximation,  assuming  the 
saddle  point  action  to  be  large,  S„  >  h,  on  the  extremal  tra¬ 
jectory  given  by  the  solution  of  the  classical  equations  of 
motion  in  imaginary  time.  Below  we  will  show  that  this 
assumption  is  justified  for  a  stiff  Wigner  crystal  (a  -4  1). 

First  we  calculate  the  persistent  current  in  the  ideal, 
unpinned  crystal  (Vq  =  0).  In  a  perfect  (or  weakly  pinned) 
Wigner  crystal,  long-wave  quantum  fluctuations  are  cut  off 
at  the  wavelength  of  the  order  of  the  crystal  size  L.  It  is 
physically  evident  that  we  can  imagine  an  ordered  crystal 
structure  as  long  as  the  mean  square  fluctuations  of  the 
dimensionless  field  <p, 

are  small  so  that  <(/>^>  ^  1  (T  is  the  temperature,  a  =  nh/ 
msa  is  a  dimensionless  parameter  that  characterizes  the 
strength  of  quantum  fluctuations  in  the  Wigner  crystal).  For 
T  -yO  this  restriction  imposes  an  upper  bound  on  the  chain 
length  L  <1  for  such  samples  the  thermal  fluctuations 
are  suppressed  up  to  a  temperature  T  <  TJa.  (7^  s  fis/L). 
The  situation  is  changed  drastically  for  a  strongly  pinned 
Wigner  crystal  where  an  “intermediate”  cut  off  scale  appears 
[9]. 

One  can  readily  calculate  the  persistent  current  of  an 
ideal  ring  as  the  problem  in  the  long  wavelength  limit  is 
described  by  a  quadratic  Lagrangian.  The  external  trajec¬ 
tory  corresponding  to  the  boundary  condition  (4)  is  linear  in 
imaginary  time  and  independent  of  the  x-coordinate, 

(^„(t)  =  2Tzn(T/hp).  (6) 


By  substituting  (6)  into  (1,  2,  3),  it  is  easy  to  find  an  exact 
solution  for  the  free  energy  in  terms  of  the  Jacobi  function 
03  (see  e.g.  [15]).  The  asymptotic  expressions  for  the  persist¬ 
ent  current  at  high-  and  low-temperatures  are 


2  L  e-W2)(r/ro)(_  jjn  (2n 


T^Tq 


T<Tq 


(7) 


Here  {{x}}  denotes  the  fractional  part  of  x,  and  the  parity 
dependent  term  is  1/2  (0)  for  N  odd  (even).  Thus  the  per¬ 
sistent  current  carried  by  an  ideal  Wigner  crystal  is  a 
periodic  function  of  flux  with  period  d>o  =  hcje  and  ampli¬ 
tude  Iq  =  eVfjL  at  low  temperatures.  The  oscillations  are 
exponentially  damped  at  T  >  Tq  =  hvpIL.  The  current  has  a 
paramagnetic  character  when  there  is  an  even  number  of 
electrons  in  the  ring  (i.e.  the  induced  magnetic  moment  is 
parallel  to  the  external  magnetic  field)  and  diamagnetic  for 
an  odd  number  of  electrons.  All  these  properties  of  the  per¬ 
sistent  current  coincide  with  those  calculated  using  the 
model  of  an  ideal  Fermi  gas.  For  T  =  0,  this  was  first  shown 
in  Ref.  [7]  for  a  general  case  of  arbitrary  Coulomb-like 
interaction. 

At  finite  temperatures  there  are  in  general  additional  con¬ 
tributions  due  to  crystal  deformations  produced  by  ther- 
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mally  excited  plasmons  and  due  to  electron-phonon 
interaction.  It  is  possible  to  show  [16]  that  in  a  perfect 
Wigner  crystal  ring  the  contribution  of  plasmon  fluctuations 
to  the  action  leads  to  the  change  of  exponent  in  eq.  (7) 
T/Tq  -+  (r/ro)[l  +  a^(r/£F)^]  which  is  irrelevant  if  the  tem¬ 
perature  is  less  than  the  Fermi  energy  £,  =  As  for 

inelastic  electron-phonon  scattering,  it  results  in  a 
“broadening”,  hy,  of  the  quantized  energy  levels  of  the 
quantum  ring.  This  effect  can  be  accounted  for  phenomeno¬ 
logically  by  assuming  a  dissipative  character  of  the  Wigner 
crystal  dynamics.  At  temperatures  T  ^  hy  the  dissipative 
corrections  to  the  Euclidean  action  are  of  the  form  ~ 
h^y\fi\/To,  which  leads  to  an  additional  exponential  sup¬ 
pression  of  the  persistent  current. 

The  thermal  destruction  of  the  persistent  current  can  be 
characterized  by  a  crossover  temperature  7^ ,  where  I  oc 
exp  (—TIT^).  From  (7)  one  has  7^  —  {IjnyihVflL),  which  is 
twice  as  large  as  the  crossover  temperature  found  for  a  ring 
of  free  electrons  characterized  by  a  constant  chemical  poten¬ 
tial  [5,  17].  Rather  than  with  the  electron-electron  corre¬ 
lations  [13]  the  factor  of  2  difference  is  connected  with  the 
fact  that  in  our  case  the  number  of  electrons  -  not  the 
chemical  potential  -  is  fixed  [18]. 

Let  us  now  consider  the  persistent  current  in  a  Wigner 
crystal  in  the  presence  of  a  potential  barrier.  A  uniform 
sliding  motion  of  the  crystal  is  impossible  in  this  case,  and 
charge  transport  along  the  ring  is  connected  with  macro¬ 
scopic  quantum  tunneling  (MQT)  of  the  Wigner  crystal.  The 
character  of  the  MQT  is  dictated  by  the  pinning  strength. 
At  strong  pinning,  aFo  >  7^,  the  mechanism  for  charge 
transport  around  the  ring  includes  tunneling  of  a  finite 
segment  of  the  Wigner  crystal  through  the  barrier,  as  well  as 
the  subsequent  relaxation  of  the  associated  elastically 
deformed  state  of  the  crystal.  In  the  weak  pinning  regime, 
aFo  ^  7^,  the  Wigner  crystal  as  a  whole  tunnels  through  the 
barrier  (without  essential  distortions).  The  above  mecha¬ 
nisms  for  macroscopic  tunneling  were  first  considered  in 
connection  with  the  tunneling  of  commensurate  charge 
density  waves  [8]  and  have  also  been  used  to  describe  the 
tunneling  conductivity  of  a  Wigner  crystal  [9].  In  these  con¬ 
texts  it  was  shown  [8,  9]  that  in  the  case  of  strong  pinning 
the  dominating  tunneling  process  is  the  elastic  relaxation  of 
the  deformed  state  arising  in  the  near-barrier  region. 

In  the  ring  geometry  a  shift  of  the  crystal  as  a  whole  by 
the  lattice  period,  a,  may  include  one  or  several  “tunneling 
steps”  (by  a  “tunneling  step”  we  understand  the  combined 
processes  of  tunneling  and  relaxation  of  the  elastic 
deformation).  In  the  case  of  strong  pinning,  the  single-step 
tunneling  is  described  by  the  exact  solution  of  the  free  equa¬ 
tion  of  motion  (Fq  =  0)  in  imaginary  time  with  the  twisted 
boundary  condition  (4)  and  «  =  + 1 : 


*'“(•)  -  [“"■  (^)  “  (*(^  -  0) 


(T  =  +  1. 


(8) 


A  description  of  the  dominating  relaxation  process  in  terms 
of  this  “periodic  instanton”-solution  [19]  is  valid  in  the 
region  outside  the  interval  [— /q,  /q]  containing  the  part  of 
the  crystal  deformed  by  the  initial  tunneling  process.  The 
length  If),  which  is  inversely  proportional  to  the  potential 
Vq,  appears  only  as  a  limit  of  the  integration  over  coordi¬ 


nate  x;  we  assume  that  Iq  L/2,  a  criterion  which  one  can 
show  to  be  equivalent  to  a  restriction  on  temperature,  T  ^ 
aFo. 

A  multi-step  solution  is  a  sequence  of  single  steps  of  type 
(8),  corresponding  to  all  possible  intermediate  rotations  of 
the  crystal 

=  E  -  T,),  tr  =  X  =  ±  1.  (9) 

i  i 

The  set  of  solutions  corresponding  to  different  con¬ 

figurations  of  single  steps  {(t,}  and  time-sequences  {r,}  for 
the  tunneling  events,  form  the  basis  in  the  well-known  dilute 
instanton  gas  approximation. 

At  T  <  7^,  the  multi-step  solution  (9)  can  be  used  as  the 
extremal  trajectory  when  calculating  the  partition  function 
that  appears  in  the  expression  (3)  for  the  free  energy.  In  this 
manner  we  get  the  zero  temperature  value  of  the  persistent 
current  as 


sin  (27r4>/Oo)- 


(10) 


This  result  for  the  persistent  current  of  a  Wigner  crystal  in 
the  presence  of  a  pinning  potential  barrier,  clearly  shows 
that  the  effect  of  the  barrier  is  simply  to  suppress  the  zero 
temperature  amplitude  of  the  current.  The  net  current 
depends  on  the  elastic  properties  of  the  Wigner  lattice  that 
reflects  the  fact  that  for  a  strong  pinning  the  charge  trans¬ 
port  in  the  ring  is  due  to  macroscopic  quantum  tunneling  of 
the  system  through  a  deformed  state  of  the  crystal. 

Except  at  very  low  temperatures,  T  4  7^,  the  only  rele¬ 
vant  saddle  point  trajectory  is  the  single-step  solution  (8). 
By  using  it  one  gets  for  the  normalized  current 


IwdT) 


(i/(r/rj). 


T  <  olVq 


(11) 


This  result  implies  a  non-monotohic  temperature  depen¬ 
dence  of  the  persistent  current;  for  a  stiff  crystal  (small  a)  the 
current  has  an  exponentially  sharp  maximum  at  T  ~  0.57^, 
with  a  width  of  the  order  of  ^Tq  7^.  The  physical  reason  for 
this  non-trivial  temperature  dependence  -  shown  in  Fig.  1 
for  different  values  of  a  -  can  be  explained  as  follows:  It  is 
easy  to  see  from  (8)  that  as  the  temperature  is  increased  the 
picture  of  the  elastic  deformation  propagating  as  a  “sharp” 
instanton  changes  (at  T  ~  7^)  into  a  picture  of  a  homoge¬ 
neous  sliding  of  the  crystal  as  a  whole.  This  temperature- 
induced  “softening”  of  the  instanton  reduces  the 
contribution  to  the  action  from  the  elastic  deformation  of 
the  crystal.  Hence,  the  persistent  current  should  increase 
with  temperature.  On  the  other  hand  this  effect  competes 
with  a  thermal  smearing  of  the  phase  coherence  which  -  as 
we  showed  for  the  unpinned  crystal  -  tends  to  reduce  the 
current.  The  sharp  peak  in  the  temperature  dependence  of 
the  persistent  current  carried  by  a  strongly  pinned  Wigner 
crystal,  is  a  result  of  this  very  competition. 

At  weak  pinning  a  stiff  Wigner  crystal-ring  tunnels 
through  the  barrier  as  a  whole  and  the  persistent  current 
does  not  depend  on  the  elastic  properties  of  the  chain. 
However,  if  the  barrier  is  high  enough  xT^^Vp'4  TJct 
(moderately  weak  pinning)  the  zero  temperature  current  is 
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Fig.  I.  Temperature  dependence  of  the  normalized  persistent  current  in  a 
strongly  pinned  Wigner  crystal  of  different  stiffness  (measured  by 
a"*  =  2msa/h;  T,  =  hs/kgL,  see  text).  The  sharp  peak  for  stiff  crystals  is  a 
result  of  a  competition  between  two  effects  of  temperature:  a  reduced 
renormalized  tunneling  barrier  and  a  loss  of  quantum  coherence. 

Still  greatly  suppressed, 

/v\i/4 

This  is  in  contrast  to  the  case  of  non-interacting  electrons 
where  even  a  large  potential  barrier  (of  the  order  of  the 
Fermi  energy)  only  leads  to  a  power-law  suppression  of  the 
persistent  current  [17]. 

As  temperature  always  makes  tunneling  easier,  one  may 
expect  an  anomalous  temperature  behaviour  of  the  persist¬ 
ent  current  even  for  a  weakly  pinned  Wigner  crystal-ring. 
This  is  indeed  the  case,  but  unlike  in  the  regime  of  strong 
pinning,  the  maximum  of  the  persistent  current  (which  is 
now  attained  at  a  potential-dependent  temperature  T*  ~ 
v/^)  is  weakly  pronounced.  Therefore  the  only  distinc¬ 
tive  feature  of  the  temperature  dependence  of  a  moderately 
pinned  (Kq  >  Tq)  Wigner  crystal-ring,  -  compared  to  that  of 
a  ring  with  noninteracting  electrons  -  is  the  shift  of  the 
crossover  temperature  to  higher  values,  Tq  ->  T*  >  Tq  .  For 
very  weak  pinning,  Vp<^  %,  the  response  of  a  Wigner 
crystal-ring  to  a  magnetic  flux  is  the  same  as  for  free  elec¬ 
trons. 

Formula  (11)  is  valid  in  the  strong  pinning  limit,  when 
temperature  is  much  smaller  than  olVq.  At  high  tem¬ 
peratures,  T  >(xVo,  the  pinning  potential  can  be  treated  as 
a  perturbation  when  calculating  the  depinning  of  the 
Wigner  crystal.  In  this  case  we  find  unimportant  corrections 
to  the  persistent  current  in  an  ideal  Wigner  crystal  (the 
details  of  this  calculation  will  be  published  elsewhere  [16]). 

So  far  we  have  considered  spinless  electrons.  Now  we 
argue  that  for  a  stiff  Wigner  crystal-ring  the  results  obtained 
within  our  model  remain  valid  for  electrons  carrying  spin  as 
well.  Note  that  spin  degrees  of  freedom  can  affect  the 
Aharonov-Bohm  oscillations  only  via  a  plasmon-magnon 
interaction,  which  is  strongly  suppressed  for  a  rigid  crystal. 
In  this  case  the  electrons  are  well  separated  from  each  other 
and  the  overlap  of  the  wavefunctions  of  neighbouring  elec¬ 
trons  is  small.  As  was  pointed  out  above,  plasmon  excita¬ 


tions  do  not  change  the  persistent  current  in  a  perfect 
Wigner  crystal-ring  at  low  temperatures,  T  <^Ep.  Therefore 
the  effect  of  magnons  via  interactions  with  plasmons  must 
also  be  small.  In  principle  tunneling  can  create  spin  excita¬ 
tions.  However,  in  our  case  the  pinning  potential  is  assumed 
to  be  smooth  on  the  scale  of  the  lattice  spacing  in  the 
Wigner  crystal,  a,  and  therefore  the  overlap  of  wavefunc¬ 
tions  of  neighboring  electrons  does  not  change  appreciably 
during  the  tunneling  process.  Hence,  although  the  first  tun¬ 
neling  step  in  the  two-step  model  used  in  our  calculation 
amounts  to  creating  an  excess  charge  e  over  a  length  Iq  ,  this 
process  is  not  accompanied  by  the  creation  of  any  excess 
spin  density;  the  subsequent  relaxation  involves  only  plas¬ 
mons.  In  other  words  for  a  stiff  Wigner  crystal-ring  the  spin 
degrees  of  freedom  completely  decouple  from  the  charge 
excitations  and  therefore  do  not  contribute  to  the  persistent 
current. 

By  measuring  the  dependence  of  the  persistent  current  on 
the  barrier  height  at  zero  temperature  (10)  and  its  tem¬ 
perature  dependence  (11),  one  has  an  opportunity  to  deter¬ 
mine  independently  the  stiffness  parameter,  a  =  hjlmsa,  and 
the  sound  velocity,  s,  in  this  system  of  strongly  correlated 
electrons.  This  gives  us  strong  reasons  to  propose  an  experi¬ 
ment  using  a  gate-controlled  barrier  in  a  mesoscopic  semi¬ 
conductor  ring  in  order  to  study  Wigner  crystallisation  and 
to  measure  the  parameters  of  the  crystal. 

In  conclusion  we  have  shown  that  in  an  ideal  ring  with  no 
impurity  scattering,  the  persistent  current  carried  by  inter¬ 
acting  electrons  -  so  strongly  correlated  that  they  form  a 
Wigner  crystal  -  is  indistinguishable  from  the  current 
carried  by  a  non-interacting  Fermi  gas.  By  incorporating  a 
potential  barrier,  Vq  >  hvp/L,  in  the  ring  structure,  a  qualit¬ 
ative  change  of  the  magnitude  and  temperature  dependence 
of  the  persistent  current  appears.  With  an  adjustable  barrier, 
these  differences  can  be  used  for  detecting  and  investigating 
the  properties  of  the  Wigner  crystal. 
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Abstract 

A  unified  physics  based  capacitance  model  for  MOSFETs  suitable  for 
implementation  in  circuit  simulators  is  presented.  This  model  is  based  on 
the  charge  conserving,  so-called  Meyer-like  approach  proposed  by  Tur- 
chetti  et  at.,  and  utilizes  a  unified  charge  control  model  to  assure  a  contin¬ 
uous  description  of  the  MOSFET  capacitances  both  above  and  below 
threshold.  The  capacitances  associated  with  the  model  are  comparable  to 
those  of  the  well-known  BSIM  model  in  the  above-threshold  regime,  but  it 
is  more  precise  in  the  description  of  near-threshold  and  subthreshold 
behaviour.  Moreover,  the  discontinuities  at  the  transitions  between  the 
various  regimes  of  operation  are  removed.  The  present  modelling  scheme 
was  implemented  in  our  circuit  simulator  AIM-Spice,  and  simulations  of 
the  dynamic  behaviour  of  various  demanding  benchmark  circuits  clearly 
reveal  its  superiority  over  simulations  using  the  simple  Meyer  model. 


1.  Introduction 

Accurate  modelling  of  MOSFET  capacitance- voltage  (C-F) 
characteristics  is  needed  for  precise  simulation  of  transient 
and  small-signal  behaviour  of  MOSFET/CMOS  circuits. 
Previously,  we  introduced  a  modification  of  the  simple  C-V 
model  by  Meyer  [1]  in  order  to  account  for  subthreshold 
conditions,  using  the  concept  of  a  unified  channel  capac¬ 
itance  [2].  However,  a  serious  drawback  of  the  Meyer 
model  is  its  use  of  reciprocal  capacitances  between  the  ter¬ 
minals  which  causes  a  violation  of  charge  conservation.  This 
problem  was  addressed  by  the  introduction  of  the  charge 
conserving,  non-reciprocal  capacitance  model  by  Ward  and 
Dutton  [3],  (In  fact,  the  Meyer  capacitances  are  a  subset  of 
the  Ward-Dutton  capacitances  in  the  quasi-static  approx¬ 
imation.)  However,  this  model  is  relatively  complex  for 
application  in  standard  transient  circuit  analyses. 

Combining  the  Unified  Charge  Control  Model  (UCCM) 
[4]  of  FETs  with  a  charge  based  model  description,  utilizing 
a  precise  formulation  of  the  bulk  charge  in  terms  of  body 
plot  parameters,  we  were  able  to  derive  a  more  accurate, 
charge  conserving  C-V  model  which  simultaneously 
accounts  for  non-uniform  doping  profiles,  subthreshold 
behaviour,  and  short  channel  effects  [2,  5].  But  this  model  is 
also  quite  cumbersome  to  implement  in  SPICE  since  it  does 
not  yield  analytical  expressions  for  the  charge  distribution 
in  the  channel. 

Here,  we  describe  yet  another  unified  C-V  model  for 
MOSFETs,  suitable  for  implementation  in  SPICE.  This 
model  utilizes  an  approximate,  analytical  solution  of 
UCCM  in  combination  with  the  charge  conserving,  Meyer- 
like  approach  proposed  by  Turchetti  et  al.  [6]  -  all  within 
the  quasi-static  approximation.  This  approach  relies  on  the 
use  of  the  Meyer  capacitances  within  a  so-called  companion 
model  which,  through  the  use  of  a  charge  conserving  iter- 


*  Corresponding  author. 


ation  procedure  during  the  SPICE  simulation,  yields  the 
correct  charges  and  terminal  currents  in  the  convergence 
limit.  The  capacitances  are  derived  on  the  basis  of  analytical 
expressions  for  the  inversion  and  depletion  charges,  similar 
to  those  obtained  by  Iniguez  and  Moreno  [7,  8],  In  addi¬ 
tion,  in  order  to  assure  charge  conservation,  a  so-called 
charge  partitioning  scheme  must  be  enforced  whereby  the 
distributed  inversion  charge  is  partitioned  between  the 
source  and  the  drain  terminals.  The  complete  model  was 
implemented  in  our  circuit  simulator  AIM-Spice  [2]. 

In  this  paper,  we  evaluate  the  present  model  by  (i)  com¬ 
paring  the  present  unified  capacitances  with  their  corre¬ 
sponding  Ward-Dutton  (W-D)  counterparts  as  implemented 
in  the  well-known  BSIM  model,  and  (ii)  by  simulating 
various  demanding  benchmark  test  circuits  such  as  charge 
pumps,  switched  capacitor  circuits  and  dynamic  memory 
cells.  These  tests  clearly  reveal  shortcomings  of  the  original 
Meyer  model  and  of  the  BSIM  W-D  model. 


2.  Model  specifics 

The  following  steps  are  used  for  developing  the  MOSFET 

capacitance  model : 

•  Express  the  inversion  charge  sheet  density  —qrii  in  the 
channel  in  terms  of  a  charge  control  model. 

•  Use  the  basic  drift-diffusion  equations  to  formulate  the 
drain  current  in  terms  of  rii  and  integrate  this  equation 
to  find  /j  as  a  function  of  the  terminal  voltages. 

•  Integrate  —qtii  over  the  gate  area  to  obtain  the  total 
inversion  charge  Qj . 

•  Partition  Qj  between  a  “source  charge”  Qg  and  a  “drain 

charge”  gj,- 

•  Express  the  depletion  sheet  charge  density  —qn^  in  terms 

of  the  potential  drop  across  the  semiconductor 
(between  the  oxide  interface  and  the  substrate  interior) 
using  the  depletion  approximation;  write  the  gate- 
substrate  voltage  as  Vqb  =  +  ^ox  >  where  il/„^  is  the 

potential  drop  across  the  oxide;  write  the  gate  sheet 
charge  density  as  qn^  =  qrii  -)-  qn^ ;  use  Gauss’  law  to  write 
^ox  =  (i^J^ox  >  where  is  the  oxide  capacitance  per  unit 
area  of  the  gate.  Eliminate  iI/^b  and  between  these 
relationships  to  derive  an  expression  for  in  terms  of  ^GB 
and  rif. 

•  Integrate  —qn^  over  the  gate  area  to  obtain  the  total 
depletion  charge  Qb  . 

•  Calculate  the  capacitances  as  appropriate  derivatives  of 
charges  with  respect  to  terminal  voltages.  For  example, 
the  following  are  the  Meyer  capacitances  used  here: 


dQc 


Can  — 


SQg 


dVas  dVa, 

where  Qg  =  -(Q, Qb). 


Can  — 


8Qg 

8Vr 


(1) 


GB 
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In  the  Unified  Charge  Control  Model,  n,-  is  related  to  the 
gate  voltage  Vqs  and  the  local  quasi-Fermi  potential  Vp  by 
the  expression  [2, 4] 

Vgs  -Vj--  txVf  =  rjV,,,  ln(ni/n„)  -I-  a{n,  -  n„)  (2) 

where  Vj-  is  the  threshold  voltage,  a  is  a  constant  close  to 
unity  that  accounts  for  a  shift  in  threshold  voltage  with 
position  in  the  channel,  rj  is  the  subthreshold  ideality  factor, 
K*  =  kBT/q  is  the  thermal  voltage,  n„  is  the  inversion  charge 
density  at  threshold,  and  a  x  qjCg^. 

Following  a  straightforward  derivation  for  a  long-channel 
MOSFET,  we  arrive  at  the  following  results  for  the  inver¬ 
sion  charge  and  the  depletion  charge  [7,  8],  respectively; 


-qWL 


flKhinu  +  nj  + 


3 


(«w  +  +  «?s) 


+  a(«w  +  nJ 


(3) 


-qWLn,,  - 


qWLHj,  +  Qj 
1  -t-  2anjy^ 


(4) 


where  —qn^  and  —qn^^  are  the  inversion  charge  densities 
evaluated  from  eq.  (2)  at  source  and  the  drain,  respectively, 
and  —  is  the  depletion  charge  density  at  source  given  by 


(5) 


Here,  ^GB  is  the  gate-substrate  voltage,  ^FB  is  the  flat-band 
voltage,  and  y  =  yj2qe,NJc„x  is  the  body  effect  constant 
where  is  the  doping  density  and  s,  is  the  dielectric  per¬ 
meability  in  the  substrate. 

In  order  to  obtain  analytical  expressions  for  the  charges 
Qj  and  Qg  and  the  Meyer  capacitances  (or  the  W-D 
capacitances),  we  need  a  solution  of  eq.  (2)  with  respect  to 
Since  this  equation  cannot  be  solved  analytically,  we 
propose  the  following  approximate  solution  [2,  9] 


2«„  In 


1  +  I  exp 


(6) 


This  approximation  is  in  good  agreement  with  UCCM 
everywhere  and  has  the  correct  asymptotic  behaviour  both 
above  and  below  threshold.  Hence,  analytical  expressions 
for  Wfs  and  are  obtained  by  using  =  0  and  —  ^s> 
respectively,  in  eq.  (6). 


3.  Model  evaluation 

Although  the  Meyer  capacitances  are  used  in  the  SPICE 
Newton-Raphson  algorithm,  they  do  not  enter  in  the  final 
results  of  the  computational  iteration  procedure.  Instead, 
the  results  are  determined  by  the  charge  model  used,  such  as 
for  examples  eqs  (2)-(6).  However,  the  capacitances  derived 
from  these  charge  models  by  means  of  eq.  (1)  give  a  better 
physical  understanding  of  the  quality  of  the  model. 

The  three  Meyer  capacitances  are,  in  the  quasi-static 
approximation,  identical  to  three  of  the  nine  W-D  capac¬ 
itances.  Figure  1  shows  a  comparison  between  the  present 
unified  Mayer  capacitances  and  the  corresponding  W-D 
capacitances  as  modelled  and  implemented  in  BSIM.  We 
notice  that  the  overall  agreement  between  these  two  models 
is  quite  good,  except  that  the  W-T>  BSIM  model  describes 
poorly  the  near-threshold  and  subthreshold  regimes.  While 


Fig.  I.  Comparisons  of  the  normalized  capacitances  (a),  CgJC^^ 

(b),  CgJC^^  (c),  calculated  from  the  present  unified  model  (solid  lines)  with 
the  corresponding  Ward-Dutton  capacitances  used  in  BSIM  (dashed  lines). 


the  present  capacitances  are  continuous  and  smooth  every¬ 
where,  in  agreement  with  experiments  [2,  5],  the  non-unified 
BISM  W-D  capacitances  are  characterized  by  discontin¬ 
uities  at  threshold  and  discontinuous  first  derivatives  with 
respect  to  at  the  saturation  voltage.  Such  discontinuities 
invariably  lead  to  a  reduction  in  convergence  and  computa¬ 
tional  speed  in  SPICE  simulations  [10]. 

The  importance  of  using  charge  conserving  MOSFET 
capacitance  modelling  in  SPICE  simulations  was  demon¬ 
strated  for  different  benchmark  circuits.  These  circuits, 
which  include  charge  pumps,  switched  capacitor  filters  and 
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Dynamic  Random  Access  Memory  (DRAM)  cells,  were 
selected  because  of  their  sensitivity  to  charge  non¬ 
conservation.  In  all  cases,  the  Meyer-like  approach  gave 
results  which  correspond  very  well  with  analytical  estimates, 
while  the  simple  Meyer  model  often  resulted  in  significant 
deviations.  For  example,  in  Fig.  2  we  show  AIM-Spice 
simulation  results  for  a  simple  charge  pump  excited  by  a 
periodic  pulse  train  at  the  input.  We  notice  that  the  devi¬ 
ation  in  the  output  using  Meyer’s  model  is  large  and  some¬ 
what  erratic  as  a  result  of  charge  non-conservation. 

Another  example  is  shown  in  Fig.  3,  where  we  simulate 
the  operation  of  a  switched  capacitor  low-pass  network. 
Again,  the  results  for  the  Meyer  model  deviates  significantly 
and  erratically  from  the  expected  behaviour,  while  the  latter 
was  very  well  reproduced  by  the  Meyer-like  approach. 

Our  investigation  of  a  three-transistor  DRAM  cell 
revealed  that  the  use  of  Meyer’s  model  resulted  in  failure  to 
identify  a  potentially  serious  down-shift  in  the  DATA 
output  signal  (from  DATA  =  1)  during  read  operations. 
This  effect  is  caused  by  so-called  clock  feed-through  and 
charge  injection  into  the  data  holding  capacitor,  and  a  very 
precise  capacitance  modeling  incorporating  both  charge 
conservation  and  a  proper  description  of  subthreshold 
behaviour  is  required  in  order  to  characterize  the  effect 
satisfactorily  and  to  establish  a  correct  feedback  to  the 
design. 


3.  Summary 

We  have  presented  a  unified  and  charge  conserving  capac¬ 
itance  modelling  scheme  for  MOSFETs,  for  use  in  circuit 
simulators.  The  method  is  based  on  the  Unified  Charge 
Control  Model,  in  combination  with  the  so-called  Meyer- 


VgW 


L 


VG(t)(p 


1 


T 

X 


o 

D) 

<0 

"o 

> 

3 

CL 


0.10 

0.05 

0.00 

-0.05 

-0.10 

-0.15 

-0.20 

-0.25 


01  2345678 


Time  (10  s) 

Fig.  2.  Comparison  of  simulated  output  from  a  simple  charge  pump 
(shown  on  top)  using  the  present  modelling  scheme  (Meyer-like)  and  the 
simple  Meyer  model  (Meyer). 


Fig.  3.  Comparison  of  simulated  outputs  from  a  switched  capacitor  low- 
pass  filter  (shown  on  top)  using  the  present  Meyer-like  modelling  scheme 
(solid  curves)  and  the  simple  Meyer  model  (dashed  curves). 


like  SPICE  implementation.  The  capacitances  associated 
with  this  model  compare  well  with  the  corresponding  Ward- 
Dutton  capacitances  implemented  in  the  well-known  BSIM 
model,  but  are  more  precise  in  the  near-threshold  and  in  the 
subthreshold  regimes  and  do  not  have  discontinuities  at  the 
transitions  between  different  regimes  of  operation. 

The  present  modelling  scheme  was  implemented  in  our 
circuit  simulator  AIM-Spice  and  was  used  for  test  simula¬ 
tions  of  several  benchmark  circuits.  The  test  results  show 
that  the  present  modelling  approach  reproduces  the 
expected  results  very  well,  while  simulations  based  on  the 
simple  Meyer  model  show  significant  deviations,  owing  to 
the  lack  of  charge  conservation. 
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Abstract 

The  performance  of  GaAs/AlGaAs  multiple  quantum  well  infrared  detec¬ 
tors  is  studied  theoretically  and  experimentally,  with  special  emphasis  on 
8-12  pm  thermal  imaging  applications.  The  dependence  of  detector  per¬ 
formance  on  various  factors  like  light  coupling  configurations  (one  and  two 
dimensional  reflection  gratings  or  45°  polished  edge),  detector  temperature, 
response  wavelength  and  quantum  well  doping  density  is  dealt  with.  An 
absorption  quantum  efficiency  of  87%  is  demonstrated  using  a  crossed 
grating  and  a  waveguide  (CGW).  It  is  also  found  that  an  optimised 
34  pm  X  34  pm  detector  (a  detector  size  suitable  for  large  staring  arrays,  i.e. 
256  X  256  or  larger)  with  9.0  pm  cut-off  wavelength,  f#  =  2  optics  and 
70%  optical  transmission  reaches  background  limited  operation  at  74  K 
detector  temperature. 

The  potential  of  making  highly  uniform  staring  arrays  utilising  the 
mature  GaAs  material  and  processing  technology  is  demonstrated  by  uni¬ 
formity  measurements  of  detector  dark  current.  The  experiments  show  that 
a  metalorganic  vapour  phase  epitaxy  (MOVPE)  grown  structure  can  have 
a  dark  current  standard  deviation  to  mean  value  ratio  over  a  10  mm  long 
linear  detector  array  of  less  than  2%. 

The  staring  array  performance  in  terms  of  noise  equivalent  temperature 
difference  (temporal  NETD)  is  calculated  to  NETD  <  20  mK  at  77  K  detec¬ 
tor  temperature  and  NETD  <  10  mK  at  70  K  detector  temperature. 


1.  Introduction 

Since  the  first  demonstration  of  a  GaAs/AlGaAs  quantum 
well  infrared  photo  detector  (QWIP)  [1]  the  physics  and 
performance  of  QWIPs  have  been  thoroughly  studied  [2]. 
Normally,  semiconductor  materials  with  small  bandgaps 
Eg  (£g  ~  0. 1-0.2  eV)  such  as  HgCdTe,  enabling  optical 
detectors  active  in  the  8-12  pm  long  wavelength  infrared 
atmosphere  transfer  window  (the  LWIR  window),  are  more 
difficult  to  grow,  process  and  fabricate  into  uniform  devices 
than  are  larger  band-gap  {Eg  >  1  eV)  materials  [3].  One  of 
the  main  driving  forces  for  QWIP  technology  development 
is  the  ability  to  create  semiconductor  devices  with  a  small 
bandgap  optical  behaviour  combined  with  a  large  bandgap 
mechanical  and  chemical  stability.  Therefore,  GaAs/AlGaAs 
QWIP  technology  is  a  viable  candidate  for  large,  high  per¬ 
formance,  low  cost  LWIR  (8-12  pm)  focal  plane  arrays 
(FPAs)  [4-6]. 

QWIPs  operate  on  account  of  intersubband  transitions  in 
doped  quantum  wells  (QWs)  which  implies  photoexcitation 
of  electrons  (holes)  from  a  bound  ground  state  E^  (Hi)  to  a 
quasi-bound  or  extended  excited  state  Ej  {^2),  see  Fig.  1. 
Excited  charge  carriers  at  £2  (^2)  ^^e  freely  mobile  perpen¬ 
dicularly  to  the  QW  planes,  thus  enabling  photoconductive 
action.  As  a  result  of  low  effective  mass,  QWIPs  with 
n-doped  QWs  offer  the  highest  detectivity  D*.  The  draw¬ 
back  with  n-doped  QWIPs  is  that  the  quantum  mechanical 
selection  rules  forbid  absorption  of  radiation  with  incidence 
normal  to  the  QW-layer  plane  and  much  work  has  been 


done  to  find  optical  geometries  that  overcome  this  fact  and 
enhance  the  absorption  quantum  efficiency  (absorptance)  rj 
of  the  detectors  [7-13]. 

One  of  the  most  efficient  optical  geometries  presented  in 
the  crossed  (doubly  periodic)  grating  with  a  waveguide 
(CGW)  [10].  The  crossed  grating  is  etched  into  the  top  of 
the  detector  mesa  and  the  waveguide  is  defined  by  the 
grating,  the  active  QW  layer  and  a  cladding  layer,  from  top 
to  bottom,  see  Fig.  2.  In  this  work  we  compare  the  CGW 
geometry  with  the  standard  45°  polished  edge  (EDGE) 
geometry.  We  also  investigate  the  influence  of  QW  sheet 
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Fig.  1.  Energy  band  structure  of  a  GaAs/AlGaAs  quantum  well  (QW). 
Intersubband  absorption  between  and  Ej  (electrons)  or  Hj  and  ffj 
(holes)  is  schematically  shown.  The  photo  generated  charge  carriers  at  Ej 
or  f/j  are  under  the  influence  of  an  applied  electric  field  giving  rise  to  a 
photo  current.  The  Fermi  energy  level  Ep  is  indicated  (for  the  case  of  an 
n-doped  QW). 


Fig.  2.  Cross  section  of  a  detector  with  an  etched  grating  and  waveguide 
(CGW)  as  well  as  a  standard  EDGE  detector. 
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doping  concentration,  optical  response  wavelength  and 
detector  temperature  on  QWIP  performance.  Finally  we  use 
the  experimental  single  QWIP  results  to  calculate  the  per¬ 
formance  of  detector  arrays  in  terms  of  noise  equivalent 
temperature  difference  (NETD)  and  photo  generated  current 
to  thermally  generated  dark  current  ratio  ratio). 


2.  Experimental 

Four  different  structures  A,  B,  C  and  D  are  grown  onto 
GaAs  semi-insulating  substrates  using  a  low  pressure  metal- 
organic  vapour  phase  epitaxy  (MOVPE)  reactor  featuring 
wafer  rotation.  All  structures  contain  a  50  period 
{GaAs/Al,cGai_,cAs)  multi-QW  stack  sandwiched  between  a 
1.0  pm  bottom  and  a  1.3  pm  top  GaAs  contact  layer 
(n  =  7  •  10^^cm“^)  and  an  additional  3  pm  Alo.8oG^o.2oAs 
cladding  layer  located  between  the  substrate  and  bottom 
contact.  The  measured  structure  parameters,  QW  width 
Oqw  ,  barrier  width  ,  barrier  Al-content  x^i ,  QW  doping 
sheet  concentration  are  summarised  in  Table  I.  Struc¬ 
ture  A,  B  and  C  have  different  QW  doping  sheet  concentra¬ 
tion  «Qw  whereas  structure  D  has  a  lower  barrier  Al-content 

^Al- 

The  detectors  are  fabricated  as  follows:  gratings  (linear, 
crossed  with  square  symmetry,  or  no  grating)  are  etched  by 
reactive  ion  etching  (RIE)  into  the  GaAs  top  contact  layer. 
The  grating  depth  h  =  0.80  pm  throughout,  while  the  other 
grating  parameters  are  fabricated  with  different  sizes 
ranging  from  grating  constant  D  ~  2.3  to  3.0  pm,  and 
crossed  grating  box  shape  cavity  width  d  ss  0.6D  and  linear 
grating  cavity  width  d  as  0.5D.  For  the  definition  of  the 
grating  parameters  see  Fig.  3  and  [12].  Square  shaped 
mesas  of  various  sizes  (from  25  to  500  pm  side  length)  are 
defined  by  wet  etching  down  to  the  bottom  contact  layer. 
AuGe/Ni  ohmic  contacts  are  deposited  onto  the  top 


Table  I.  Structural  parameters  for  the  four  types  of  multi  QW 
IR  detectors.  The  parameters  are  obtained  from  X-ray 
diffraction  rocking  curves  and  C-V  etch  profiling 
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Fig.  3.  Detail  of  the  geometry  of  the  crossed  grating  viewed  from  the  GaAs 
side.  D  is  the  grating  constant  and  d  the  cavity  width. 


(covering  ~10%  of  the  grating  area)  and  bottom  contact 
layer  and  finally  a  reflective  Au  layer  is  sputtered  covering 
the  whole  grating  area.  For  characterisation  of  the  detec¬ 
tors,  a  grating  monochromator,  a  lOOOK  glowbar  source 
and  a  pyroelectric  reference  detector  are  used.  A  lOOOK 
black-body  source  is  exploited  for  determining  black-body 
responsivities  and  detectivities  as  well  as  for  calibration  pur¬ 
poses. 


3.  Single  detector  performance 


The  detector  current  Ij  in  QWIPs  consists  of  two  parts,  the 
photo  generated  current  /p^  and  the  undesired  thermally 
generated  dark  current  /,h .  /ph  can  be  described  by 


^ph  —  j  Popt 

Jxi 


dA 


where  Rj  is  the  spectral  current  responsivity  and  Pop,  the 
spectral  optical  power  illuminated  on  the  detector.  In  this 
work  we  will  set  Aj  and  Aj  to  8  pm  and  12  pm  respectively, 
since  we  are  interested  in  the  radiation  generated  in  the 
LWIR  window.  The  thermally  generated  dark  current  /,h 
has  been  investigated  and  modelled  by  several  authors  [2] 
and  here  we  will  use  the  model  presented  in  [14].  The  most 
important  parameters  concerning  the  relationship  between 
/ph  and  /,h  are  Mq^  ,  detector  temperature  T,  cut  off  wave¬ 
length  Xc  (or  cut  off  energy  Efi  and  the  method  of  optical 
coupling.  This  is  described  by. 


/ph  oc  Rj  oc  =  1  —  e 

where  Cj  is  a  constant  invoking  the  method  of  optical  coup¬ 
ling, 

I,hCcT’  exp  - 

where  =  hc/X^  and  the  Fermi  level  energy 


EpOcT  -In  [6-^2  "QW  _ 

where  C2  is  a  constant.  Response  measurements  of  different 
types  of  detectors  are  carried  out  and  the  results  are  pre¬ 
sented  in  Table  II.  The  absorption  quantum  efficiency 
(absorptance)  rj  are  calculated  using  two  independent 
methods. 

The  first  method  (applied  to  structure  A  and  C)  is  based 
on  the  measurement  of  absorptance  with  a  Fourier  trans¬ 
form  infrared  spectrometer  using  a  45°  polished  edge 
geometry  (EDGE),  and  subsequently  the  current  response 
Ri  of  a  detector  with  the  same  optical  coupling  geometry  is 
measured.  From 


Ri  =  igpe 


he' 


where  Rj  is  the  current  responsivity,  h  the  Planck  constant, 
c  the  vacuum  speed  of  light,  q  the  electron  charge,  g  the 
photoconductive  gain  and  p,  the  probability  of  an  excited 
electron  to  escape  from  the  QW,  we  can  calculate  gp^. 
Knowing  gp^  it  is  possible  to  derive  the  absorptance,  hence¬ 
forth  called  f/pTiR  for  other  types  of  coupling  geometries  (i.e. 
grating  detectors)  simply  by  measuring  Rj . 

The  second  method  (applied  to  structure  A,  B,  C  and  D) 
is  based  on  deriving  g  from  the  detector  generation- 
recombination  (g-r)  noise  current  i^.,.  The  noise  current  i^ 
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Table  II.  Single  detector  data  for  the  structures  A,  B,  C  and  D.  The  detector  type  {light  coupling  method)  are  either  of  the  type 
45°  polished  edge  {EDGE),  or  crossed  grating  and  waveguide  {CGW  {D))  where  (D)  is  the  grating  constant.  The  measurements 
have  been  conducted  at  77  K  on  150  x  150  pm  square  detector  mesas  with  a  detector  bias  of  —4.0  V.  The  g-r  noise  currents 
are  measured  at  77  K  background  temperature.  The  two  types  of  photoconductive  gain  {gpriR^  Sg-r)  absorptance  {tjfTiR, 
tjg-r)  two  different  methods  of  obtaining  absorptance  described  in  the  text,  respectively 
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present  in  QWIPs  is  described  by 

id  =  ig-r  +  ij  +  il/f 

where  the  Johnson  noise  current  i j  =  ^jAkTjdR,  k  the 
Boltzman  constant,  T  the  detector  temperature  and  dR  the 
detector  dynamic  resistance.  Properly  fabricated,  the  detec¬ 
tor  l/f  noise  current  i^f  is  negligible.  At  normal  operating 
conditions  is  the  dominating  noise  current.  By  using 

g  =  ilrli^g^dl 

(where  I4  is  the  DC  detector  current)  the  fact  that  ~  1  at 
high  enough  detector  bias,  and  the  measured  R,  it  is  pos¬ 
sible  to  obtain  the  absorptance,  henceforth  labelled  . 

Table  II  shows  that  the  two  methods  are  in  good  agree¬ 
ment  within  ~5%.  When  comparing  the  CGW  and  the 
standard  EDGE  light  coupling  methods,  the  CGW  absorp¬ 
tance  is  a  factor  of  7  higher  (structure  A).  For  structure  C, 
this  factor  is  as  low  as  4.5  indicating  that  the  CGW  absorp¬ 
tance  is  near  saturation  (i.e.  close  to  unity).  As  a  result  of 
increased  QW  sheet  doping  concentration,  the  CGW 
absorptance  rjg.,  for  structure  A,  B,  and  C  has  a  rising  trend 
from  57%,  77%  to  87%.  Detectors  with  linear  gratings  and 


Fig.  4.  Absorptance  vs.  wavelength  for  150  x  150  pm  detectors.  The  detec¬ 
tors  with  a  crossed  grating  and  waveguide  (CGW)  have  a  grating  constant 
D  =  2.6  pm  (structure  A,  B,  C)  or  Z)  =  2.8  pm  (structure  D).  The  absorp¬ 
tance  for  the  standard  45°  polished  edge  (EDGE)  optical  geometry  is 
included  for  structure  A  and  C. 


waveguide  (LGW)  have  roughly  a  factor  of  2  lower  absorp¬ 
tance  [12].  The  spectral  absorptance  is  shown  in  Fig.  4. 

The  most  important  figure  of  merit  for  single  IR  detectors 
is  a  normalised  signal  to  noise  ratio,  the  detectivity  D*, 
obtained  according  to, 

D*  =  ^‘./A^f, 

Id 

where  is  the  optical  detector  area  and  A/  the  noise  band¬ 
width.  Values  of  D*  for  the  different  structures  and  light 
coupling  geometries  are  presented  in  Table  II.  Structure  A 
(lowest  doping,  lowest  absorptance!)  has  the  largest 
D*  =  2.8  •  10“  Jones.  It  is  evident  that  high  absorptance 
alone  is  not  the  only  factor  to  consider  for  QWIP  opti¬ 
misation.  For  two  structures  with  similar  QW  doping,  a 
shift  in  peak  wavelength  Apeak  from  8.3  pm  (structure  A)  to 
8.8  pm  (structure  D)  leads  to  a  decrease  in  D*  of  ~2.  This 
exemplifies  the  common  knowledge  that  Apeak  should  be  as 
short  as  the  application  permits  and  the  difference  between 
Apeak  and  Ae  Small. 


4.  Calculation  of  the  performance  of  detector  arrays 

It  is  a  straightforward  procedure  to  arrange  QWIPs  into  a 
focal  plane  array  of  chosen  size.  Desirable  array  sizes  can  be 
128  X  128,  256  x  256,  320  x  240  or  larger.  The  usual  way 
to  address  each  detector  pixel  is  to  ffip-chip  mount  (via  In¬ 
bumps)  the  detector  array  to  a  silicon  multiplexer  readout 
circuit.  It  is  common  practice  for  focal  plane  arrays  to  use 
the  total  number  of  collected  charge  carriers  N  or  the 
number  of  noise  electrons  n,  during  an  integration  period 
Tj„,,  instead  of  detector  current  and  noise  current.  This  is 
especially  convenient  when  electrons  are  physically  collected 
in  an  integration  capacitor,  as  for  the  case  of  direct  injection 
readout  circuits.  The  relation  between  N  (or  n)  and  either 
direct  current  or  noise  current  I  is  :  N  =  I  •  Ti„fq.  The  inte¬ 
gration  time  Ti„t  is  assumed  to  be  17  ms  below,  correspond¬ 
ing  to  a  60  Hz  frame  rate. 

For  detector  arrays  the  noise  equivalent  temperature  dif¬ 
ference  NETD  is  a  suitable  measure  of  performance  espe¬ 
cially  for  thermal  imaging  applications.  A  calculation  of 
NETD  of  detector  arrays  is  performed  below,  taking  mea¬ 
sured  detector  data  from  single  detectors  with  mesa  size 
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34  Jim  X  34  nm  which  is  a  suitable  size  for  256  x  256  and 
320  X  240  arrays. 

The  total  noise,  Wtot  associated  with  arrays  consists  of  tem¬ 
poral  noise  and  fixed  pattern  noise  according  to, 

«fot  =  [«femp]  +  "fix  =  +  nil  -h  nfi^, 

where  is  the  detector  noise  and  the  readout  circuit 
noise. 

The  detector  noise  is  described  by, 
n\  =  IgNi  +  nj  +  n^f 

where  Nj  is  the  total  number  of  charge  carriers  (electrons) 
which  equals  the  number  of  optically  generated  electrons 
iVph  and  the  number  of  thermally  generated  electrons  N^^. 
For  a  well  designed  readout  circuit,  n„  should  be  smaller 
than  .  In  the  calculations  below  it  is  assumed  that  can 
be  neglected. 

The  fixed  pattern  noise  Mfj,,  arises  as  a  result  of  non¬ 
uniformity  of  detector  dark  current  and  responsivity  of  the 
detector  array.  For  the  case  of  QWIP,  is  the  remaining 
number  of  noise  electrons  after  two  point  compensation  of 
the  detector  current  (e.g.  offset  and  gain  correction),  and  can 
be  written  [15]: 

"fix  =  ^gn  •  {Nop  (Top?  +  ^of  ■  [(A^th^th)^  +  (^^opffop)^] 

where  and  <7,^  are  the  ratios  of  standard  deviation  to 
mean  of  photon  current  and  dark  current,  respectively.  The 
factors  Pof  and  ^g„  represent  offset  and  gain  corrections 
determined  by  sensor  calibration.  A  proper  calculation  of 
requires  knowledge  of  the  uniformity  of  calibration 
sources  in  order  to  estimate  p^f  and  )Sg„ .  In  the  calculations 
below  we  will  omit  this  contribution  thus  invoking  only  the 
temporal  noise  contribution.  Nevertheless,  is  in  most 
cases  a  dominating  noise  component  and  it  should  be  noted 
that  Bfi,  is  linearly  dependent  on  Cop  and  <7,h  making  evident 
the  importance  of  highly  uniform  arrays.  We  have  flip  chip 
mounted  128  x  128  arrays  to  commercial  silicon  multi¬ 
plexers  and  used  them  in  thermal  imaging  cameras.  They 
show  that  CTpp  •  y/Pl  -I-  Pof  «  5  •  10"“^  for  a  20  K  calibration 
interval.  We  have  also  measured  the  77  K  (7,^  on  linear 
arrays,  1  x  81  with  110  pm  mesas  (120  pm  pitch)  and 
1  X  128  with  45  pm  mesas  (50  pm  pitch),  which  resulted  in 
<7,1,  =  1.8%  and  <7,1,  =  2.0%  as  best  results.  (T^p  is  expected  to 
be  slightly  higher  [9].  These  values  represent  state  of  the  art 
uniformity  for  LWIR  detector  arrays  and  clearly  demon¬ 
strates  the  advantages  with  QWIP  technology. 


The  temporal  noise  equivalent  temperature  difference 
(NETD,j„p)  of  the  detector  array  is  obtained  from : 

NETD„p,p  =  ^  •  (n,en.p/Nph) 

where  Cj-  is  the  differential  temperature  contrast  according 
to, 

d  In  Ml 

dTs  i 

where  M  is  the  exitance  of  the  surrounding  photon  back¬ 
ground  assuming  an  ambient  temperature  of  Tg  (300  K  in 
the  calculations).  Cj-  is  about  0.015  in  the  8-12 pm 
wavelength  region. 

Another  important  figure  of  merit  for  focal  plane  arrays 
(especially  arrays  utilising  direct  injection  read  out  circuits) 
is  the  photo  generated  to  dark  current  ratio,  JVph/Ar,h-ratio. 
The  JVpb/JV,h-ratio  should  be  as  high  as  possible  because  a 
large  N,,,  will  reduce  the  available  dynamic  range  of  the 
readout  circuit  (the  maximum  charge  storage  capacity  is 
limited  by  a  integration  capacitor  at  each  pixel).  Another 
reason  for  a  high  ratio  is  that  whereas  can  be 

considered  independent  of  the  detector  array  temperature  T, 
lV,h  is  exponentially  dependent  on  T,  which  will  make  the 
array  sensitive  to  array  temperature  fluctuations.  NEDT,e„p 
and  NpJN^^  ratios  are  listed  in  Table  III  and  it  is  evident 
that  decreasing  T  from  T  =  77  K  to  T  =  70  K  (achievable 
by  a  Stirling  cooler)  gives  a  minor  decrease  in  NEDT,j„p 
and  most  significant,  a  large  increase  in  NpJNi^  ratio.  The 
change  in  grating  constant  from  D  =  2.6  pm  to  Z)  =  2.7  pm 
(structure  A,  B  and  C)  enhances  the  response  at  long  wave¬ 
lengths  (although  diminishes  the  peak  absorptance  slightly) 
of  the  absorptance  spectrum,  thus  increasing  the  photo¬ 
current  generated  in  the  LWIR  window.  Structure  A  reaches 
background  limited  operation  (i.e.  when  /p^  ^  at  T  = 
77  K  and  structure  D  at  T  =  74  K. 


5.  Conclusions 

We  have  fabricated  QWIP  detectors  and  investigated  the 
influence  of  optical  coupling,  QW  sheet  doping  concentra¬ 
tion,  optical  response  wavelength  and  detector  temperature 
on  QWIP  performance.  Peak  absorption  quantum  efficiency 
(absorptance)  tj  =  87%  and  peak  detectivity  D*  =  2.8  •  10^^ 
(with  Apjji,  =  8.3  pm,  T  =  Tg  =  77  K)  is  demonstrated. 


Table  III.  Calculated  array  performance  using  the  measured  responsivities  and  dark  currents  for  34  x  34  pm  square  mesa 
CGW  detectors.  The  detector  temperature  T  is  77  K  or  70  K.  The  calculations  assume  a  300  K  background,  optics  f#  =  2, 
optical  transmission  70%,  maximum  integration  time  17  ms  and  a  maximum  charge  storage  capacity  of  1.6  x  10^  electrons.  The 
photo  current  has  been  integrated  between  8  pm  to  12  pm  wavelength  simulating  the  long  wavelength  infrared  atmospheric 
transmission  window 


Structure 

Detector  type 

NETD..„p  (T  =  77  K) 
(mK) 

NETD..„p(r  =  70.K) 
(mK) 

^ph/JV,k  (T  =  77  K) 

(-) 

NJNo,  (T  =  70  K) 
(-) 

A 

CGW  (2.7) 

12 

7 

0.84 

7.2 

B 

CGW  (2.7) 

14 

8 

0.53 

4.1 

C 

CGW  (2.7) 

16 

8 

0.39 

2.6 

D 

CGW  (2.8) 

23 

10 

0.42 

2.7 
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320  X  240  (34  x  34  nm  detector  size)  array  performance  in 
terms  of  temporal  noise  equivalent  temperature  difference 
NEDT,j„p  is  calculated  and  NEDTte„p  =  12mK  (with 
T  =  77K,  7i  =  300K,  optics  f#=2  and  70%  optical 
transmission)  is  obtained. 

Finally,  the  excellent  uniformity  of  QWIP  arrays  is 
demonstrated  by  measuring  the  dark  current  standard  devi¬ 
ation  to  mean  value  ratio  cr,),  for  linear  arrays  (1  x  81  and 
1  X  128)  resulting  in  =  1.8-2.0%. 
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Abstract 

A  compact  physical  model  for  high  speed  bipolar  junction  transistors  (BJT) 
in  integrated  rf-circuits  is  presented.  The  model,  which  suits  both  homo- 
and  heterojunction  devices,  is  based  on  the  de  Graaf-Kloostennan  formal¬ 
ism  for  the  modelling  of  BJTs,  but  adds  important  heterostructure  device 
physics  and  incorporates  also  the  physical  properties  of  the  SiGe  material. 
The  model  implemented  in  AFLAC  circuit  simulator,  shows  good  agree¬ 
ment  between  the  simulation  results  and  measured  data  both  for  pure 
silicon  BJTs  and  for  SiGe-base  heterojunction  transistors. 


1.  Introduction 

Recently  significant  progress  has  been  achieved  in  the  inte¬ 
gration  of  the  high  frequency  circuits  by  using  BiCMOS  or 
GaAs  technologies.  In  spite  of  the  growing  use  of  GaAS 
FETs,  the  bipolar  transistor  is  still  the  working  horse  in  the 
UHF  and  lower  microwave  band  circuits.  Furthermore,  the 
application  of  strained  silicon-germanium  alloys  to  hetero¬ 
junction  bipolar  transistor  (HBT)  technology  provides  many 
additional  advantages  over  the  conventional  silicon  BJTs. 
The  SiGe-base  HBTs  allow  extreme  vertical  scaling  without 
excessive  base  resistance  for  high  speed  performance.  Also 
these  devices  can  offer  analog  designers  a  very  high  current 
gain  through  dramatically  improved  Early  voltages. 

In  analog  circuit  design  accurate  device  models  are 
needed.  Recently  the  first  model  for  SiGe  HBTs  was  pre¬ 
sented  by  Hong  et  al.  [1].  In  this  paper  we  present  a 
compact  but  physical  model  for  high  speed  bipolar  tran¬ 
sistors.  The  model  can  be  applied  both  for  homo-  and  het¬ 
erojunction  devices.  We  have  modified  the  original  de 
Graaf-Kloosterman  model  [2]  for  BJTs  by  adding  the 
heterostructure  device  physics  and  the  physical  properties  of 
the  SiGe  base. 


2.  Model  for  the  cutoff  frequency 

Cutoff  frequency  is  naturally  one  of  the  most  important 
parameters  in  the  high  speed  bipolar  transistors.  It  can  be 
estimated  analytically  by  using  the  charge  control  principle 

[3] 


I  _2nYQ 

fr 


(1) 


where  Ic  is  the  collector  current.  The  total  charge  in  the 
transistor  is  given  by 

Z  6  “  6e  +  6i>  +  Qxe  +  Qtc  (2) 


where  is  the  excess  hole  charge  in  the  emitter,  the 
total  base  charge,  and  and  are  the  depletion  charges 
of  the  base-emitter  and  base-collector  junctions,  respec¬ 
tively.  So,  in  order  to  calculate  the  cutoff  frequency  we  have 
to  model  the  collector  current  Ic  and  the  total  charge  in  eq. 
(2).  When  generalizing  the  de  Graaf-Kloosterman  method 
[2]  to  HBTs,  we  have  to  take  into  account  the  additional 
electric  field  caused  by  the  Ge  gradient  in  the  base  region. 
Then  the  electron  current  density  in  the  base  is  given  by 


(3) 


where  </)„>  is  the  average  diffusivity  of  electrons,  n  the  elec¬ 
tron  concentration.  Fg  is  the  extra  field  due  to  the  Ge  gra¬ 
dient 


(4) 


where  Eg  is  the  band  gap. 

Let  us  first  consider  the  low  injection  case,  n  ■4  N^.  Equa¬ 
tion  (3)  can  now  be  solved  by  integrating  across  the  base, 
and  we  obtain 


"O')  =  w(4e)  exp  (viy)  -  [exp  (viy)  -  1]  (5) 

where 


qF^ 

ksT 


(6) 


and  q  and  Wgf^  (=metalurgical  base  width)  are  the  param¬ 
eters  which  describe  the  doping  profile  for  the  acceptor  con¬ 
centration  in  the  base,  N^{y)  =  exp  (— lyy/WaM)-  The 
collector  current  Ic  =  J„  can  be  solved  from  eq.  (5)  in 
terms  of  the  voltage  dependent  minority  carrier  densities 
n(0)  and  n{B^)  at  the  base-emitter  and  base-collector  junc¬ 
tions,  respectively. 


^CL 


=  q<D„yA, 


Vi  exp  (yiWtMdBE) 
exp(yiW;)-  1 


exp  (ViHi)  -  1_ 


(7) 
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Fig.  1.  Measured  and  modelled  (solid  curve)  cutoff  frequency  vs.  collector 
current  in  a  high  frequency  Si  BJT. 


where  the  subscript  L  refers  to  low  injection.  The  total 
stored  base  charge  can  also  be  estimated  from  eq.  (5) 


J'Wt 


Qb  =  q^e 


or 


Vi  Lexp(7iW;)-l  J 
qAj,  yjWb  ] 
71  L  exp(7iW;)-lJ 


be) 


(8) 


(9) 


In  the  case  of  high  injection  the  current  Iqh  and  the 

base  charge  g*  can  be  calculated  as  above,  and  then  the 


Fig.  2.  Measured  and  modelled  (solid  curves)  Gummel  plot  of  a  SiGe-base 
HBT.  The  upper  curve  is  the  collector  current  and  the  lower  one  the  base 
current  vs.  base-emitter  voltage.  The  experimental  data  was  taken  from  [1], 


intermediate  injection  can  be  treated  by  using  interpolation 
formulas  [3]. 

The  depletion  charges  and  Qj-^  at  pn-junctions  can  be 
estimated  in  the  usual  way  by  integrating  the  depletion 
capacitances  Cj{Vj)  over  the  junction  voltages  Vj.  However, 
in  the  case  of  HBT,  Cj-  (Vj)  must  be  modified  due  to  the 
heterojunctions 


where  l^,-  is  the  built-in  voltage  and 


^  .  ^D^A^Si  ^SiGe  ^0 

^  +  ^SiGe^A_ 


(11) 


Finally,  the  excess  hole  charge  in  the  emitter  can  be  esti¬ 
mated  from  the  base  current  [3] 


2<Dp> 


(12) 


where  <Dp>  is  the  average  diffusivity  of  the  holes  in  the 
emitter,  and  is  the  emitter  depth.  The  base  current  in  an 
injection-efficiency-limited  BJT  is  governed  by  the  proper¬ 
ties  of  the  emitter  [3].  Therefore  the  base  current  in  a  homo- 
and  heterojunction  bipolar  transistors  are  identical,  and  in 
our  model  we  have  adopted  the  ordinary  expression  for  the 
base  current  [3]. 

When  modelling  the  collector  current  dependence  of  fj, 
the  effect  of  the  current  on  the  depletion  width  of  the  base- 
collector  junction  has  to  be  taken  into  account.  Here  we 
have  adopted  a  simple  expression  given  in  [4]. 

The  incorporation  of  germanium  significantly  changes  the 
physics  of  the  base  region  and  the  base-emitter  and  base- 
collector  junctions  in  a  SiGe-base  HBT.  Addition  of  Ge 
reduces  the  bandgap  of  Si,  and  it  also  modifies  the  energy 
band  structure  and  density  of  states  in  the  conduction  and 
valence  bands.  In  addition,  charge  carrier  mobilities  and  dif- 
fusivities  change  due  to  alloy  scattering  and  changes  in  the 
effective  masses.  Finally,  the  dielectric  constant,  built-in 
potentials  and  depletion  widths  in  the  pn-heterojunctions 
depend  on  the  Ge  concentration.  All  these  dependences  can 
be  found  from  the  literature  [5-7],  and  they  are  not  repeat¬ 
ed  here. 


3.  Model  verification 


log(IC) 

Fig.  3.  Measured  and  modelled  (solid  curve)  cutoff  frequency  vs.  collector 
current  in  a  SiGe-base  HBT.  The  experimental  data  was  taken  from  [1]. 


The  present  high  speed  bipolar  transistor  model  has  been 
implemented  in  AFLAC  circuit  simulator  [8].  The  model 
has  been  verified  through  comparisons  between  the  model 
predictions  and  measured  data  both  for  Si  BJTs  made  in 
our  laboratory  and  SiGe-base  HBTs  made  in  various  labor¬ 
atories. 

Figure  1  shows  a  comparison  of  the  modelled  and  mea¬ 
sured  f-p  vs.  Ic  for  a  npn  Si  BJT  made  in  our  laboratory. 
Here  the  base  width  is  270  nm,  the  emitter  peak  concentra¬ 
tion  10^^  cm”^,  the  base  peak  concentration  10^^cm“^,  and 
the  collector  doping  concentration  10^®cm“^.  Figure  1 
shows  a  good  agreement  between  the  modelled  and  mea¬ 
sured  results. 

Figures  2  and  3  show  that  in  a  SiGe-base  HBT  (8%  Ge)  the 
I-V  characteristics  and  fp  can  simultaneously  be  modelled 
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accurately,  when  using  the  present  physics  based  device 
model.  Here  the  experimental  data  was  taken  from  Ref.  [1] 
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Abstract 

The  importance  of  a  proper  inclusion  of  parasitic  source  and  drain  resist¬ 
ances  in  various  FET  device  models  used  in  circuit  simulation  with  SPICE 
is  pointed  out.  Although  a  significant  reduction  in  simulation  time  can  be 
achieved  using  so-called  extrinsic  FET  models,  some  problems  are  encoun¬ 
tered  in  cases  where  gate  leakage  current  is  present  and  in  simulating  tran¬ 
sients.  Moreover,  an  intrinsic  model  with  parasitics  is  more  compatible 
with  high  frequency  small  signal  equivalent  circuits. 

1.  Introduction 

As  integrated  circuit  technology  advances  and  the  channel 
length  of  FETs  are  steadily  reduced,  the  importance  of  the 
source  and  drain  parasitic  resistances,  and  R^,  become 
increasingly  important  in  the  overall  operation  of  the 
devices.  This  is  due  to  the  fact  that  in  scaled  down  devices, 
the  value  of  the  channel  resistance  becomes  comparable  to 
the  parasitic  resistances.  In  the  equivalent  circuits  used  for 
modeling  such  devices,  it  has  been  common  to  either  neglect 
/?,  and  Rj  altogether  (intrinsic  model)  or  to  combine  the 
intrinsic  model  with  additional  nodes  to  account  for  the 
parasitics. 

However,  with  the  introduction  of  new  analytical  tech¬ 
niques,  it  became  possible  to  include  R^  and  R^  directly  into 
the  expression  for  the  drain  current,  resulting  in  so-called 
extrinsic  models  [1,  2].  An  immediate  benefit  of  extrinsic 
models  is  a  reduction  in  the  node  count  which  is  favorable 
in  terms  of  circuit  simulation  time.  However,  the  extrinsic 
models  may  also  have  drawbacks  in  modeling  certain  FETs 
such  as  MESFETs  and  HEMTs  operating  in  regimes  where 
the  gate  leakage  current  is  significant. 

In  this  paper,  we  compare  extrinsic  and  intrinsic  models 
in  terms  of  computing  speed  and  accuracy.  We  also  point 
out  problems  with  extrinsic  models  encountered  in  cases 
where  gate  leakage  current  is  present  and  in  simulating 
transients. 

2.  Ways  to  include  parasitic  resistances 

We  have  basically  the  following  three  approaches  for  includ¬ 
ing  the  effects  of  parasitic  source  and  drain  resistances  into 
FET  equivalent  circuits: 

A.  No  explicit  parasitics 

The  simplest  approach,  still  being  used  in  circuit  simulation 
today,  is  to  use  an  intrinsic  model  with  no  explicit  addition 
of  Rs  and  R^.  In  this  case,  the  intrinsic  model  parameters 
are  extracted  directly  from  the  measured  I-V  characteristics. 
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but  effects  of  R,  and  R^  will,  to  some  extent,  implicitly  be 
contained  in  the  remaining  parameters.  One  possibility  is  to 
include  the  effects  of  the  parasitics  in  a  mobility  reduction 
parameter  [3]. 

For  MOSFETs,  we  may  be  able  to  faithfully  reproduce 
measured  DC  characteristics  this  way.  However,  for 
MESFETs  this  type  of  model  yields  an  unrealistic  increase 
in  the  gate  leakage  current  with  positive  gate  voltage. 

Furthermore,  we  can  expect  problem  in  simulating  tran¬ 
sient  and  small-signal  behavior  of  all  types  of  FETs  since 
important  time  constants  are  related  to  the  presence  of  the 
parasitic  resistances. 

B.  Intrinsic  models  with  external  parasitics 

This  approach  is  the  most  widely  used  today.  The  procedure 
for  obtaining  a  good  fit  to  measured  I~V  characteristics  is  to 
first  extract  geometrical  information  and  then  determine  R„ 
and  Rj.  This  information  is  then  used  to  derive  the  intrinsic 
characteristics  of  the  device,  from  which  the  parameters  of 
the  intrinsic  device  can  be  extracted.  With  this  technique, 
the  equivalent  circuit  will  contain  the  parasitic  resistances  at 
the  expense  of  additional  nodes  in  the  circuit. 

C.  Extrinsic  models 

Here,  the  parasitic  resistances  are  included  as  an  integral 
part  of  the  model  expressions  and  treated  on  equal  footing 
with  the  intrinsic  model  parameters.  Hence,  there  is  no  need 
to  add  external  resistances  to  the  equivalent  circuit,  and  the 
corresponding  nodes  are  saved.  The  mathematical  descrip¬ 
tion  of  an  extrinsic  model  will,  of  course,  be  more  complex 
than  for  the  intrinsic  model,  but  none-the-less,  we  should 
expect  a  savings  in  terms  of  simulation  time  owing  to  the 
reduced  node  count. 

To  illustrate  this,  we  used  AIM-Spice  [4,  5]  to  calculate 
the  operating  point  of  MOSFET  inverter  chains  using 
intrinsic  (with  external  resistances)  and  extrinsic  versions  of 
the  model  discussed  in  [1].  The  simulation  time  was  moni¬ 
tored  for  a  range  of  inverter  stages  in  the  chain,  and  the 
results  are  shown  in  Fig.  1. 

As  can  be  seen  from  the  figure,  we  consistently  find  a 
reduction  of  about  25%  in  the  simulation  time  for  the 
extrinsic  model  compared  to  the  intrinsic  one  with  external 
J?s  and  Rj.  A  slight  decrease  in  this  ratio  of  the  simulation 
times  with  complexity  probably  reflects  the  fact  that  the 
system  matrix  for  the  intrinsic  model  increases  faster  than 
that  of  the  extrinsic  model. 

The  extrinsic  model  approach  is  similar  to  that  discussed 
above  for  the  intrinsic  model  with  no  external  parasitics. 
Unfortunately,  it  also  has  similarities  in  terms  of  the  prob¬ 
lems  pointed  out  with  respect  to  gate  leakage  current  (when 
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Fig.  1.  Ratio  of  simulation  times  with  AIM-Spice  using  extrinsic  and 
intrinsic  models  versus  number  of  MOSFET  inverter  stages. 

applicable)  and  transient  behavior.  To  illustrate  the  latter, 
we  performed  transient  simulations  of  a  CMOS  circuit  con¬ 
sisting  of  two  inverters  in  series,  using  the  same  models  as  in 
the  previous  example.  As  expected,  the  I-V  characteristics 
with  both  sets  of  models  were  identical.  But  noticeable  dif¬ 
ferences  could  be  observed  in  the  on-to-off  transient  for  the 
circuit  in  two  cases,  as  indicated  in  Fig.  2. 

Obviously,  the  extrinsic  version  produces  a  more  pro¬ 
nounced  peak  in  the  output  at  the  start  of  the  pull-down 
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Fig.  2.  Comparison  of  transient  analyses  with  AIM-Spice  for  a  two  stage 
inverter  circuit  using  extrinsic  and  intrinsic  models.Council  of  Norway. 


phase,  and  the  fall  time  is  slightly  increased  compared  to  the 
intrinsic  version. 

Finally  it  should  be  pointed  out  that  an  intrinsic  model 
with  explicit  parasitic  is  more  compatible  with  typical  small 
signal  equivalent  circuits  (see  for  example  [6]. 


3.  Conclusion 

With  the  introduction  of  new  analytical  techniques,  extrinsic 
FET  device  models  for  circuit  analysis  have  emerged.  The 
main  advantages  compared  to  intrinsic  models  are:  simpli¬ 
fied  parameter  extraction,  reduced  node  count  and  reduced 
simulation  time  in  SPICE.  However,  some  drawbacks  are 
noted,  including  problems  with  accurate  modeling  of  gate 
leakage  current  in  devices  such  as  MESFETs  and  HEMTs, 
and  in  the  simulation  of  transient  and  small-signal  behavior 
in  all  types  of  FETs.  Moreover,  proper  inclusion  of  the 
parasitics  is  also  very  important  in  order  to  extract  the  effect 
of  contact  technologies  on  circuit  behavior.  In  cases  where 
these  issues  are  important,  the  use  of  intrinsic  device  models 
with  extrinsic  parasitic  resistances  give  higher  accuracy. 
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Abstract 

The  PBT  is  a  short  channel  device  and  hot  electron  effects  are  expected  to 
be  important  and  the  transport  model  used  in  the  simulation  is  critical.  The 
present  work  compares  the  effect  of  different  transport  models  on  the  oper¬ 
ation  of  a  submicron  PBT.  The  transport  model  used  are  the  ordinary 
drift-diffusion  model  and  the  hydrodynamicc  models  as  they  are  imple¬ 
mented  in  MEDICI  Ver.  1.1.  In  submicron  devices  the  transport  param¬ 
eters  become  both  device  and  bias  dependent.  The  transport  parameters 
are  directly  related  to  the  distribution  function  and  should  be  extracted 
from  the  solution  of  Boltzmann’s  Transport  Equation  (BTE).  The  most 
popular  and  effective  way  of  solving  the  BTE  is  Monte  Carlo  simulation.  In 
this  work  we  have  extracted  transport  parameters  from  Monte  Carlo  simu¬ 
lation  using  one  dimensional  boundary  for  particles  and  a  fixed  electric 
field  extracted  from  two-dimensional  simulation  in  MEDICI.  The  Monte 
Carlo  simulation,  parameter  extraction  and  MEDICI  simulation  have  been 
repeated  until  the  change  in  electric  field  between  iterations  could  be 
neglected.  Both  I-V  and  results  have  been  analysed.  It  is  clear  that  the 
hydrodynamic  model  gives  higher  current  levels  and  higher  ff  than  the 
drift-diffusion  model. 


1.  Introduction 

Computer  simulation  for  predicting  device  behaviour  is 
used  almost  as  an  inevitable  tool  today  before  starting  up 
any  processing.  A  computer  model  of  any  art  always  con¬ 
sists  of  two  parts:  first,  through  simplifications  and  approx¬ 
imations,  a  physical  model  of  the  reality  is  created,  and  then 
this  model  is  tried  to  be  solved  with  adequate  mathematical 
methods.  In  the  case  of  semiconductor  modelling,  the 
general  physical  model  is  based  on  estimating  the  charge/ 
potential  relation  (described  by  Poisson’s  equation,  originat¬ 
ing  from  Maxwell’s  equations),  and  the  carrier  transport 
model.  The  transport  model  is  originating  from  the  general 
Bolt2mann  Transport  Equation,  which  is  an  extremely  com¬ 
plicated  equation  from  the  mathematical  (i.e.  from  the  future 
solution)  point  of  view.  The  only  question  is,  how  long  one 
can  proceed  in  the  simplification  of  the  physical  abstraction, 
while  preserving  the  important  features,  and  at  the  same 
time  making  a  mathematical  solution  still  possible. 

Van  Roosbroeck  [1]  was  the  first  to  suggest  the  following 
set  of  differential  equations  (all  notations  have  their  usual 
meaning) 

Poisson’s  equation: 

div  (s  grad  (j))  =  —p  (1) 

Continuity  equations: 

div  —  q{dnfdt)  =  qU  (2) 

div  7p  +  q(dp/dt)  =  -qU  (3) 


Transport  equations: 

=  qp„  nE  +  qD„  grad  («)  (4) 

Jp  =  qi^p  pE  -  qDf,  grad  (p)  (5) 

This  model  is  based  on  the  relaxation-time  approx¬ 
imation  during  the  solution  of  the  Boltzmann  equation,  and 
is  generally  called  the  drift-diffusion  model,  because  of  its 
current  terms.  However,  by  shrinking  dimensions,  the  inade¬ 
quacy  of  this  model  becomes  more  and  more  evident:  the 
continuum  view  of  the  electron  population  is  becoming 
questionable,  and  this  asks  for  a  more  elaborate  transport 
model. 

The  hydrodynamic  model  was  first  suggested  by  R.  Strat¬ 
ton  [2].  Later  on  several  authors  contributed  to  the  particu¬ 
lar  version  that  is  used  in  this  paper  [3-5].  In  this  model  the 
Boltzmann  equation 


dt 


=  |  +  »grad,/±^f  grad./.(|) 


(6) 


collisions 


is  solved  under  the  following  assumptions  [6] 

—  The  temperature  tensor  can  be  expressed  as  a  scalar 
quantity 

—  The  heat  flux  can  be  expressed  as  proportional  to  the 
same  gradient 

—  The  collision  integrals  can  be  expressed  via  momentum- 
and  energy-relaxation  time  approximations.  (The  relax¬ 
ation  time  constants  are  determined  from  Monte  Carlo 
simulations.) 

The  following  set  of  transport  equations  called  the  hydrody¬ 
namic  model  (HD)  is  formed 


Jn  =  <lPn 

Jp  =  qpp 


nE  +  V| 
p£-V| 


VSp  =  -/p£-^ 

q  2L  qtrci. 


nh{T„ 
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~  To) 


+  ■ 


dt 

nkpTp 


dt 


+  E,G'l 


S  = 


(7) 
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(10) 
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+  KpPpPV\ 


(12) 
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where  the  new  quantities  are:  S„,p  =  energy  flow  density. 
Eg  =  band-gap,  G"  p  =  impact  ionization  coefficient,  p  = 
thermal  conductivity  coefficient,  p  is  a  function  of  p . 

Another  similar  version  uses  the  following  equations 
instead  of  (7)  and  (8): 


In  this  paper  we  refer  to  this  model  as  the  energy  transport 
model  (ET).  The  largest  difference,  compared  to  the  drift- 
dilfusion  model,  is  the  calculation  of  the  carrier  heating, 
which  makes  it  possible  to  include  hot  electrons,  velocity 
overshoot  and  other  non-static  effects  in  the  simulation. 


2.  Known  results 

The  Permeable-Base  Transistor  (PBT)  has  gained  a  certain 
interest  in  the  past  years.  The  main  interest  in  PBTs  is  to 
use  them  as  microwave  active  components.  During  the 
years,  there  have  been  many  optimistic  predictions 
published  about  the  transistor’s  potential  in  high  frequency 
applications.  Estimated  maximum  frequency  of  oscillation 
has  been  found  to  be  over  1000  GHz  for  GaAs  PBT  [7]. 

Monte  Carlo  calculations  in  [8]  indicates  unity  current 
gain  frequency  fi  in  the  range  of  120  GHz  for  a  Si  PBT. 
Recent  progress  in  process  technology  has  made  it  possible 
to  produce  high  performance  PBTs.  Some  examples  of 
results  are  a  GaAs  PBT  with  unity  power  gain  frequency 
of  220  GHz  [9]  and  a  Si  PBT  with  a  unity  current  gain 
frequency  just  above  25  GHz  [10].  We  have  chosen  to  focus 
our  interest  exclusively  on  Si  PBTs. 

Figure  1  shows  a  section  of  an  overgrown  PBT  used  in 
this  paper.  Depending  on  the  depletion  layer  width  at  the 
Schottky  contact,  the  PBT  can  work  as  a  vertical  MESFET 
or  actually  as  PBT.  In  the  PBT  mode,  the  channel  is 
depleted  and  the  net  current  is  mainly  a  diffusion  current, 
which  makes  it  more  related  to  a  bipolar  transistor  than  to 


Fig.  I.  PBT  structure  used  in  this  paper.  The  period  length  of  the  grid  is 
d  =  4a. 
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a  MESFET  [7].  Unlike  ordinary  MESFETs  the  channel 
width  and  length  are  strong  functions  of  the  potential  dis¬ 
tribution  in  the  channel.  For  PBT  operation  the  line  spaces 
in  the  grid  have  to  be  very  small,  less  than  two  times  the 
depletion  layer  width.  For  CoSi2  and  =  lO^’cm"^  the 
line  space  should  be  under  0.1 5  micron.  In  spite  of  tremen¬ 
dous  progress  in  process  technology,  it  is  still  very  difficult 
to  fabricate  lines  and  line  spaces  under  200  nm.  Therefore, 
we  have  focused  our  investigation  on  PBTs  in  MESFET 
operation. 

As  the  most  important  feature  of  the  PBT  is  its  AC 
behaviour,  it  is  obvious  that  the  aim  of  a  simulation  should 
be  to  determine  the  frequency  limit.  The  unity  current  gain 
frequency  /t  can  be  calculated  as  [11] : 
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2nCj 


1  Al 


ds 


27t  Ag, 


(15) 


A/js,  AQ,  =  current  and  charge  difference  between  two  dif¬ 
ferent  Vgs  bias  voltages  (steady  state). 


3.  Present  work 


Simulations  of  the  PBT  in  [8]  and  [12]  indicate  large  differ¬ 
ences  between  the  drift-diffusion  model  and  Monte  Carlo 
simulation.  The  Monte  Carlo  simulation  of  a  GaAs  PBT  in 
[12]  shows  a  decrease  in  the  gate  capacitance  and  in 
increase  in  transconductance  compared  to  the  drift-diffusion 
model.  For  a  GaAs  PBT  with  uniform  doping  fj  increases 
with  60%  compared  to  the  drift-diffusion  model.  Monte 
Carlo  simulations  is  time  consuming  and  not  practical  for 
use  for  optimization  of  a  device.  The  hydrodynamic  model 
is  much  more  suitable  for  this  purpose  and  commercial  soft¬ 
ware  packages  like  MEDICI  are  available  which  provides 
state  of  the  art  hydrodynamic  models,  models  for  Schottky- 
barriers  and  mobilities  [13]. 

Figure  1  shows  the  structure  we  used  in  all  our  simula¬ 
tions.  The  unity  current  gain  frequency  fj-  should  increase  as 
device  dimensions  shrinks.  The  channel  in  a  PBT  can  be 
made  shorter  if  the  distance  between  drain  and  source  is 
reduced.  Ohshima  et  al.  [8]  has  presented  a  comparison 
between  a  drift-diffusion  model  and  Monte  Carlo  calcu¬ 
lations  where  the  source  to  drain  distance  l^s  was  changed 
from  200  to  600  mn.  The  grid  spacing  was  200  nm  and  the 
grid  width  was  200  nm.  The  simulation  result  presented  in 
[8]  shows  a  drastic  increase  in  fj  for  short  devices.  Our 
intention  in  this  work  was  to  see  whether  the  HD  or  the  ET 
model  can  be  used  for  device  optimization  taking  into 
account  the  hot  electron  effects.  We  used  the  same  test  setup 
as  the  one  used  in  [8].  The  unity  current  gain  frequency  fj 
was  extracted  for  =  0  V  and  Kis  =  3  V.  We  have  used  the 
parallel  field-dependent  mobility  for  the  drift-diffusion 
model,  temperature  dependent  mobility  for  the  hydrody¬ 
namic  model,  and  the  concentration  dependent  mobility  for 
low  electric  fields  [14]. 

Parallel  Field-Dependent  mobility 


Mn.l>  =  low  field  mobility 


(16) 
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Temperature  Dependent  Mobility 


(17) 


In  the  first  comparison  we  have  used  MEDICIs  default 
parameters  for  the  energy  relaxation  time  and  velocity  satu¬ 
ration  which  is  0.2psec  and  1  x  lO’^cm/s.  The  concentration 
dependent  mobility  model  in  MEDICI  uses  a  look-up  table 
for  the  relationship  between  the  mobihty  and  the  impurity 
concentration  [11].  In  Fig.  2  we  have  plotted /j  as  a  func¬ 
tion  of  device  length  for  both  the  drift-diffusion  (DD)  and 
the  hydrodynamic  model  (HD)  using  the  default  transport 
parameters  from  MEDICI.  The  hydrodynamic  model  pre¬ 
dicts  a  higher  fj  than  the  drift-diffusion  model  but  the 
increase  is  far  from  the  predictions  made  by  Monte  Carlo 
simulation  in  [8]  and  [12].  Our  drift-diffusion  simulation 
does  not  agree  with  the  drift-diffusion  simulation  in  [8]. 
This  is  not  surprising  since  in  [8]  the  “drift  velocity  was 
kept  constant  (1  x  10’  cm/s)”,  which  is  the  same  as  using  an 
infinite  low  field  mobility  in  (17).  MEDICI’s  more  realistic 
model  gives  two  times  higher  fj  for  long  devices  compared 
to  the  result  in  [8]  but  much  lower for  shorter  devices. 
The  constant  velocity  model  is  not  correct  and  a  better 
mobility  model  has  to  be  used  in  order  to  get  the  correct 
field  distribution  in  the  channel.  The  Monte  Carlo  results  in 
[8]  and  [12]  gives  about  two  times  higher  than  the  drift- 
diffusion  prediction.  The  results  from  the  HD  model  does 
not  show  this  type  of  increase  in  . 

In  order  to  estimate  the  hot  electron  effect  in  the  channel 
in  a  more  exact  way  we  have  simulated  the  particle 
dynamics  in  a  full  band  Monte  Carlo  program  with  one 
dimensional  particle  boundaries  using  an  electric  field 
extracted  from  the  hydrodynamic  solution  in  MEDICI.  We 
have  used  two  different  devices  in  our  simulations  (1) 
400  nm  in  source  to  drain  distance,  200  nm  in  grid  spacing, 
200  nm  in  grid  width,  (2)  200  nm  in  source  to  drain  distance, 
150nm  grid  spacing,  150nm  grid  width.  The  electric  field 
was  extracted  along  the  path  of  maximum  current  in  the 
device  which  is  along  a  line  segment  from  source  to  drain 
through  the  centre  of  the  grid  spacing.  These  simulations 
showed  that  the  default  energy  relaxation  time  used  was  too 
low  since  the  electron  temperature  was  underestimated  com¬ 
pared  to  the  Monte  Carlo  simulation. 


Distance  between  drain  and  source  [microns] 
Fig.  2.  Unity  current  gain  frequency  as  a  function  of  device  length. 


The  transport  parameters  used  in  the  HD  and  ET  models 
are  assumed  to  be  independent  of  electric  field  and  position 
within  the  device.  This  is  not  correct  for  small  devices  where 
the  transport  parameters  are  functions  of  device  dimensions 
and  voltage  biasing  and  should  be  extracted  from  the  solu¬ 
tion  of  Boltzmann’s  Transport  Equation.  However,  if  the 
distribution  function  is  known  we  have  all  information  and 
no  further  simulation  is  needed.  We  have  used  Monte  Carlo 
simulation  with  one-dimensional  particle  boundaries  to  find 
an  approximation  of  the  distribution  function  which  can  be 
used  to  extract  better  transport  parameters  than  the  default 
parameters  in  MEDICI.  The  Monte  Carlo  program  is  based 
on  a  full  band  code  form  University  of  Illinois  [15].  The 
program  has  been  upgraded  to  include  many  particle  simu¬ 
lation,  constant  time  technique  for  the  free  flight  generation 
and  a  fourth  and  fifth  order  Runge-Kutta  algorithm  for 
solving  the  equation  of  motion.  Further  details  on  the  scat¬ 
tering  models  used  can  be  found  in  [15].  The  Monte  Carlo 
simulation,  parameter  extraction  and  MEDICI  simulation 
were  repeated  until  the  change  in  electric  field  could  be 
neglected.  The  number  of  iterations  is  small  since  the  elec¬ 
tric  field  is  rather  insensitive  to  changes  in  the  transport 
parameters.  The  velocity  saturation  was  extracted  from  bulk 
simulation  and  found  to  be  1.15  x  10’ cm/s.  The  velocity  vs. 
electric  field  extracted  from  Monte  Carlo  is  different  for 
increasing  and  decreasing  field  and  a  low  field  mobility  is 
difficult  to  extract  in  an  accurate  way.  We  have  used  a  low 
field  mobility  of  675cm^/Vs  which  is  in  agreement  with  the 
concentration  mobility  model  in  MEDICI.  This  value  gives 
a  velocity  vs.  electric  field  curve  that  is  lower  than  the  veloc¬ 
ity  obtained  from  Monte  Carlo  simulation  for  increasing 
field  but  higher  than  the  velocity  for  the  decreasing  field. 
The  energy  relaxation  time  has  been  chosen  so  that  the  elec¬ 
tron  temperature  fits  the  result  obtained  from  the  Monte 
Carlo  simulation.  Using  the  method  described  above  trans¬ 
port  parameters  was  extracted  for  the  mobility  model  (18) 
both  for  =  1  and  f  =  2.  A  comparison  between  the  veloc¬ 
ity  and  electron  temperature  obtained  from  Monte  Carlo, 
HD  and  ET  models  can  be  seen  in  Fig.  3  and  Fig.  5.  The  ET 
model  gives  the  best  fit  in  velocity  and  also  the  highest 
current  and  the  highest  as  can  be  seen  in  Fig.  4  and  Fig.  6. 
The  simulation  results  shows  that  is  larger  for  HD  and 
ET  compared  to  the  drift-diffusion  model,  but  still  far  from 
the  values  predicted  in  [8]  and  [12].  The  ET  model  and  the 
HD  model  in  MEDICI  gives  higher  transconductance  but 
the  capacitance  at  the  gate  will  also  increase.  This  increase 
in  the  capacitance  is  due  to  the  change  in  the  potential  dis¬ 
tribution  in  the  channel,  which  will  change  the  depletion 
boundary  and  the  number  of  charges  in  the  depletion 
region. 


4.  Discussion 

We  expect  the  ET  and  the  HD  model  to  be  more  accurate 
than  the  drift-diffusion  model  because  of  the  better  grade  of 
approximation  in  the  transport  model.  However,  the  differ¬ 
ence  is  not  that  large  (although  it  seems  to  be  more  and 
more  significant  with  smaller  dimensions).  The  Monte  Carlo 
results  obtained  in  [12]  is  for  GaAs  and  a  direct  compari¬ 
son  with  silicon  cannot  be  done.  The  velocity  overshoot  is 
much  larger  in  this  material  and  the  velocity  peak  is  wider. 
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Fig.  3.  (a)  Electron  velocity  for  ^  =  2.  (b)  Electron  velocity  for  )?  =  1.  (c) 
Electron  temperature  for  p  =  2.  (d)  Electron  temperature  for  j8  =  1.  All 
data  is  extracted  along  the  channel  at  x  =  2a.  (+)  Monte  Carlo,  (solid  line) 
EX  model,  (dashed  line)  HD  model.  Device  dimensions  are  2a  =  0.2  micron, 
/jj  =  1.0  micron  (400  nm  between  high  doping  regions  gives  an  effective 
/jj  =  400  nm),  t  =  40  nm. 


Fig.  5.  (a)  Electron  velocity  for  p  =  2.  (b)  Electron  velocity  for  ^  =  1.  (c) 
Electron  temperature  for  p  =  2.  (d)  Electron  temperature  for  ^  =  1.  All 
data  is  extracted  along  the  channel  at  x  =  2a.  (+)  Monte  Carlo,  (solid  line) 
ET  model,  (dashed  line)  HD  model.  Device  dimensions  are 
2a  =  0.15  micron,  =  1.0  micron  (0.4  micron  between  high  doping  regions 
gives  an  effective  =  0.4  microns),  £  =  40  nm. 


A  full  self  consistent  Monte  Carlo  simulation  of  a  silicon 
PBT  with  a  detailed  description  of  the  models  used  cannot 
be  found  in  the  literature.  The  Monte  Carlo  calculations 
presented  in  [8]  does  not  include  any  detailed  information 
about  the  physical  models  used.  The  fj  for  the  Monte  Carlo 
calculation  has  the  same  limit  value  as  the  drift-diffusion 
case  for  large  source  to  drain  distances  in  spite  of  a 
neglected  low  field  mobility  in  the  drift-diffusion  model.  For 
these  dimensions  a  correct  full  Monte  Carlo  simulation  is 
expected  to  give  a  result  that  is  consistent  with  a  drift- 
diffusion  model  which  includes  a  reasonable  low  field  mobil¬ 
ity. 

5.  Conclusion 

The  effect  of  using  different  transport  models  in  computer 
simulation  of  the  PBT  has  been  discussed.  It  has  been 


shown  that  the  hot  electron  effect  will  have  a  strong  influ¬ 
ence  on  the  drain  current.  The  hydrodynamic  model  HD 
and  the  energy  transport  model  ET  does  not  predict  a  large 
increase  in  fj  compared  to  the  ordinary  drift-diffusion  model 
even  if  the  transport  parameter  gives  a  velocity  overshoot 
effect  in  agreement  with  Monte  Carlo  simulations  using  the 
same  electric  field.  The  ET  model  provides  better  agreement 
with  the  Monte  Carlo  model  and  gives  the  highest  current 
levels  and/x  values.  In  the  simulations  of  small  structures 
the  HD  model  gives  a  small  velocity  peak  where  the  electric 
field  drops.  This  has  not  been  seen  in  the  Monte  Carlo 
model  or  in  the  ET  model.  In  spite  of  this  extra  velocity 
peak  the  transconductance  is  lower  than  for  the  ET  model. 
A  comparison  between  velocity  and  electron  temperatures 
obtained  from  Monte  Carlo  simulations  and  the  HD  and 
ET  model  shows  that  the  energy  relaxation  time  should  be 
considered  as  a  device  dependent  parameter.  For  device 
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Fig.  4.  fj,  C,„,  and  for  different  transport  modefs  (P  =  2).  Device 
dimensions  are  2a  =  0.2  micron,  1.0  micron  (400  nm  between  high 
doping  regions  gives  an  effective  /j,  =  400nm),  t  =  40nm.  F^  =  3.0V, 

Kp  =  0.0V. 
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Fig.  6.  /x,  3„,  C„,  and  for  different  transport  models  (P  =  2).  Device 
dimensions  are  2a  =  0.15  micron,  l^  =  1.0  micron  (200  nm  between  high 
doping  regions  gives  an  effective  =  200nm),  t  =  40nm.  =  3.0  V, 

nB  =  0.0V. 
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dimensions  under  200  nm  the  HD  and  ET  model  have  prob¬ 
lems  to  fit  to  the  Monte  Carlo  model  and  a  Monte  Carlo 
simulation  including  a  self-consistent  solution  of  Poisson’s 
equation  has  to  be  used  in  order  to  evaluate  the  high  fre¬ 
quency  performance  in  an  accurate  way. 
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Abstract 

The  Monte  Carlo  method  is  applied  to  calculate  the  current  and  voltage 
noise  in  near  micron  n*nn*  InP  diodes.  Quite  different  behavior  of  the 
correlation  functions  and  spectral  densities  of  fluctuating  macroscopic 
quantities  is  observed  under  the  voltage  and  current  driven  operations. 
Under  the  constant  voltage  operation  the  time  dependence  of  the  current 
fluctuation  correlation  function  exhibits  damped  oscillations  at  the  transit¬ 
time  and  plasma  frequencies.  This  results  in  appearance  of  two  spikes  in  the 
current  noise  spectrum  at  corresponding  frequencies.  The  transit-time  oscil¬ 
lations  and  the  corresponding  noise  are  shown  to  be  caused  by  the  sponta¬ 
neous  formation  of  electron  accumulation  layers  due  to  the  negative 
differential  resistance  connected  with  the  combined  action  of  the  velocity 
overshoot  and  Gunn-effects.  In  the  contrast,  the  voltage  noise  spectrum  is 
found  to  have  a  regular  Lorentzian  shape  under  the  constant  current  oper¬ 
ation.  The  observed  features  of  the  current  and  voltage  noise  spectra  are 
shown  to  be  in  a  good  agreement  with  the  frequency  dependence  of  the 
small-signal  admittance  and  impedance  of  the  diode. 

1.  Introduction 

Nonequilibrium  noise  is  one  of  the  important  features  of  hot 
carriers  and  plays  a  rather  essential  role  in  characterization 
of  carrier  transport  in  bulk  semiconductors  and  semicon¬ 
ductor  devices  [1-6],  For  comprehensive  theoretical 
analysis  of  hot-carrier  noise  in  the  time-  and  frequency- 
domains  the  use  is  usually  made  of  the  auto-  and  cross¬ 
correlation  functions  of  various  fluctuating  quantities  and 
their  spectral  densities  [7-10].  In  bulk  semiconductors  the 
time  and  frequency  behavior  of  the  velocity  and  energy  fluc¬ 
tuations  reflects  both  the  dynamic  and  relaxation  processes 
occurring  in  the  momentum  space  and,  as  such,  can  be  used 
for  a  detailed  investigation  of  the  physical  processes  inher¬ 
ent  in  the  hot-carrier  homogeneous  steady-state  itself  pro¬ 
viding  useful  information  about  various  relaxation  rates, 
internal  cyclic  processes,  etc.  [8-10].  In  small  semiconductor 
devices  the  velocity  and  energy  fluctuations  becomes  strong¬ 
ly  coupled  with  fluctuations  of  the  local  carrier  concentra¬ 
tion  and  resulting  electric  field,  thus,  leading  to  appearance 
of  an  additional  noise  connected  with  the  plasma  and 
transit-time  effects.  For  the  device  performance  these  noise 
components  are  of  great  practical  importance  since  they 
determine  the  lower  limit  of  a  device  sensitivity,  indicate  the 
onset  of  generation  processes,  etc.  [3-6].  The  aim  of  this 
work  is  to  provide  a  theoretical  investigation  of  the  hot- 
carrier  noise  in  nearmicron  InP  diodes  under  biasing 

conditions  for  which  the  microwave  power  generation 
associated  with  velocity  overshoot  and  electron  valley- 
transfer  is  possible. 

2.  Procedure 

The  Monte  Carlo  Particle  (MCP)  method  is  the  most 
appropriate  technique  for  hot-carrier  noise  investigations 


since  it  allows  the  appropriate  correlation  functions  to  be 
calculated  in  a  natural  way,  by  using  a  time-averaging  over 
a  multi-particle  history  simulated  during  a  sufficiently  long 
time  interval.  In  the  present  work  MCP  method  is  used  to 
calculate  both  the  current  and  voltage  noise  spectral  den¬ 
sities.  These  noise  operations  correspond  to  idealized  condi¬ 
tions  when  either  the  voltage  applied  to  the  diode  or  the 
total  current  per  unit  area  j,g,  flowing  through  the  diode  are 
kept  constant  in  time  [7,  9].  In  the  former  case  the  fluctuat¬ 
ing  quantity  is  the  conduction  current  per  unit  area 
which  is  given  by  the  sum  of  instantaneous  velocities  of  all 
carriers  inside  the  device  [9].  Since  t/,,  is  kept  constant,  the 
conduction  current  coincides  with  the  total  current  in  this 
case.  Under  the  constant  current  operation  the  fluctuating 
quantity  is  the  voltage  drop  between  the  diode  terminals.  Its 
variation  in  time  is  described  by  a  differential  equation: 

d  / 

—  I7j(t)  =  —  lj,„  -  (1) 

£q 

where  Sq  is  the  vacuum  permittivity  and  e,  the  static  dielec¬ 
tric  constant,  /  the  diode  length.  The  total  current  is  kept 
constant  in  time,  so  the  voltage  fluctuations  results  from 
fluctuation  of  the  conduction  current.  Therefore,  the  micro¬ 
scopic  fluctuations  of  the  instantaneous  velocities  of  single 
carriers  are  responsible  for  both  the  current  and  voltage 
noise  which  is  detected  outside  the  diode  in  an  external 
circuit.  It  should  be  stressed  that  from  the  physical  point  of 
view  the  above  operations  correspond  to  the  idealized  con¬ 
ditions  of  the  diode  performance  in  the  external  circuit.  The 
current  noise  operation  can  be  realized  when  the  diode 
resistance  Rj  is  much  greater  than  the  external  load  resist¬ 
ance  R.  The  conditions  for  the  voltage  noise  operation  are 
fulfilled  in  the  opposite  case.  Such  an  interpretation  allows 
for  the  diode  noise  to  be  described  in  terms  of  the  equivalent 
sources  of  either  the  current  or  voltage  noise  [3-5].  Thus, 
investigation  of  the  current  and  voltage  noise  corresponds 
to  determination  of  the  main  temporal  and  spectral  charac¬ 
teristics  of  the  equivalent  sources.  To  investigate  the  diode 
noise  in  these  cases  the  correlation  function  of  the  fluctua¬ 
tions  of  the  corresponding  quantity  Q{t)  (i.e.  j{t)  and  Ujit)  for 
the  current  and  voltage  noise,  respectively)  is  calculated  as : 

=  +  t)dt'  (2) 

where  T  is  the  averaging  time,  SQ(t')  the  fluctuation  of  Q(t'), 
t  the  delay  time.  Then  the  noise  spectral  density  Sq(v)  at  the 
frequency  v  is  calculated  in  the  standard  way  as: 

Se(v)  =  4  r  Cg(r)  cos  (2nvt)  d£  (3) 
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It  should  be  underlined  that  the  spectral  densities  of  the 
current  and  voltage  fluctuations  are  mutually  connected 
through  the  small-signal  impedance  of  the  diode  normalized 
to  the  unit  cross-section  [5] : 

StXv)  =  |Z(v)pS/v)  (4) 

As  it  follows  from  eq.  (4)  a  description  of  the  noise  induced 
in  the  external  circuit  by  a  whole  device  involves  into  con¬ 
sideration  also  its  small-signal  characteristics.  Therefore,  to 
clarify  the  physical  origin  of  the  hot  carrier  noise  for  the 
same  diodes  we  have  also  calculated  the  frequency  depen¬ 
dence  of  the  small-signal  impedance  Z(f)  by  using  a  closed 
hydrodynamic  (HD)  approach.  The  details  of  the  MCP  and 
HD  techniques  used  in  our  calculations  can  be  found  else¬ 
where  [11]. 

3.  Results 

Calculations  are  performed  for  the  case  of  InP  diode 
at  room  temperature  with  the  doping  levels  of  n  =  2  x  10‘* 
and  =  10^®cm“^.  The  cathode,  «-region  and  anode 
lengths  are  respectively  0.05,  1.0  and  0.1  pm.  Abrupt  homo¬ 
junctions  are  assumed.  Similar  structures  are  widely  used  in 
modern  microwave  power  generators  [12,  13].  As  it  has 
been  shown  by  the  hydrodynamic  modelling  [14,  15]  the 
dynamic  negative  differential  resistivity  (NDR)  of  this  diode 
appears  above  the  threshold  voltage  U,^  =  1.5  V  and  covers 
the  frequency  range  v  =  100-250  GHz  where  the  real  part  of 
the  small-signal  impedance.  Re  Z(v),  is  negative.  Under 
voltage-driven  operation  this  diode  becomes  unstable  (i.e. 
there  appear  the  nonvanishing  time-oscillations  of  the  con¬ 
duction  current)  in  the  restricted  region  of  applied  voltages 
2<t/j<5V  while  it  is  stable  outside  this  region  [14]. 
Nevertheless,  the  dynamic  NDR  exists  above  =  5  V  too. 
All  calculations  are  performed  at  the  applied  voltage  Uj  = 

5  V  (therefore  just  inside  the  stable  region  of  the  unloaded 
diode).  Since  this  point  is  very  close  to  the  unstable  region, 
the  main  features  of  the  physical  processes  responsible  for 
the  generation  must  be  reflected  in  the  noise  characteristics 
too.  Quite  different  behavior  of  the  noise  characteristics  is 
observed  under  the  voltage  and  current  driven  operations. 
Let  us  consider  first  the  current  noise  when  the  constant 
voltage  is  applied  to  the  diode. 

Fig.  1(a)  illustrates  the  current  fluctuations  at  the  short- 
time  scale.  The  short-time  behavior  of  the  current  is  charac¬ 
terized  by  spontaneous  appearance  of  super-high  frequency 
oscillations  which  are  spontaneously  destroyed  in  time.  The 
period  of  oscillations  is  of  about  0.1 1-0.12  ps  that  corre¬ 
sponds  to  the  frequency  near  8.5  THz.  It  is  the  plasma  fre¬ 
quency  for  the  -regions.  Thus,  the  short-time  current 
fluctuations  in  n‘*^nn‘*^  diode  are  caused  by  the  plasma  effects 
in  the  contacts.  The  long-time  behavior  of  the  current 
fluctuations  is  shown  in  Fig.  1(b).  To  eliminate  the  plasma 
oscillations  each  point  j(t)  represents  the  conduction  current 
averaged  over  the  time  interval  At  =  0.1  ps  which  roughly 
corresponds  to  the  period  of  the  plasma  oscillations.  One 
can  observe  a  spontaneous  formation  and  destruction  of  the 
high-frequency  oscillations  with  the  period  about  4-5  ps. 
These  long-time  periodic  fluctuations  (oscillations)  of  the 
current  are  caused  by  spontaneous  formation  of  electron 
accumulation  layers  and  their  subsequent  drift  through  the 
n-region.  The  layer  formation  is  related  to  the  spatial  over- 


Fig.  I.  (a)  Short  and  (b)  long  time  behavior  of  the  current  fluctuations 
obtained  by  the  Monte  Carlo  simulation  under  the  constant  voltage  oper¬ 
ation  for  n*rm*  InP  diode  at  room  temperature  with  the  doping  levels  of 
«  =  2xl0*®  and  n*  =  10'®cm■^  The  cathode,  n-region  and  anode 
lengths  are  respectively  0.05, 1.0  and  0.1  pm.  The  applied  voltage  t/j  =  5  V. 


shoot  of  the  drift  velocity  due  to  electron  transfer  to  upper 
valleys  and  it  usually  takes  place  in  the  region  where  the 
local  drift  velocity  exhibits  the  maximum  negative  slope 
[15].  In  the  nearmicron  n'^nn'^  InP  diodes  this  coincides 
approximately  with  the  center  of  the  n  region.  The  oscil¬ 
lation  frequency  is  determined  by  the  average  transit-time 
necessary  for  the  layer  to  be  formed,  to  cross  the  diode  and 
to  disappear  in  anode.  These  oscillations  and  their  relax¬ 
ation  can  be  explained  as  follows.  Due  to  the  pronounced 
velocity  overshoot  in  the  short  InP  diodes  the  average 
velocity  of  electrons  as  function  of  space  firstly  sharply 
increases  to  its  maximum  value  and  then  relatively  slow 
decreases  reaching  a  minimum  value  near  the  anode 
contact.  Thus,  after  the  maximum  the  velocity  dependence 
on  the  spatial  coordinate  exhibits  a  negative  slope.  Sponta¬ 
neous  fluctuations  of  carrier  velocities  lead  to  fluctuation  of 
the  local  drift  velocity  and,  hence,  to  fluctuations  of  the  local 
concentration  of  carriers.  In  the  diode  region  characterized 
by  a  decreasing  profile  of  the  drift  velocity,  the  concentra¬ 
tion  fluctuations  can  grow  in  time,  leading  to  the  formation 
of  an  accumulation  layer.  Then  the  propagation  of  the  layer 
toward  the  anode  leads  to  redistribution  of  the  electric  field 
inside  the  diode  and  to  a  smoothing  of  the  velocity  over¬ 
shoot.  It  is  accompanied  by  a  reduction  in  time  of  the  con¬ 
duction  current  in  the  diode.  When  the  layer  leaves  the 
n-region,  a  redistribution  of  the  internal  electric  field  takes 
place  and  the  appearance  of  the  pronounced  velocity  over- 
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shoot  accompanied  by  the  rapid  increase  in  time  of  the  con¬ 
duction  current  starts  us  again.  Thus  the  process  of  a  layer 
formation,  its  transport  across  the  diode,  and  its  disap¬ 
pearance  at  the  anode  assumes  a  periodic  character  which  is 
the  basis  of  microwave  generation.  However,  outside  the 
unstable  region  (i.e.  at  >  5  V)  stochastic  character  of  the 
carrier  velocity  fluctuations  (both  in  time  and  space) 
destroys  the  coherence  of  the  successive  transit-time  oscil¬ 
lations  and  results  in  vanishing  of  their  correlation  at  the 
sufficiently  long  times  without  the  feedback,  which  is  rea¬ 
lized  as  a  rule  by  the  external  resonant  circuit  (see  e.g.  [14, 
15]). 

This  short-  and  long-time  behavior  of  the  current  fluctua¬ 
tions  is  responsible  for  the  time  behavior  of  the  correlation 
function  of  the  conduction  current  fluctuations,  C/t),  at  the 
short-  and  long-time  scales  shown  in  Figs  2(a)  and  (b), 
respectively.  At  the  initial  part  of  the  time  dependence  of 
Cj{t)  [see  Fig.  2(a)]  one  observes  the  damped  plasma  oscil¬ 
lations  which  reflect  the  relaxation  of  the  velocity  fluctua¬ 
tions  in  the  n*  contacts.  The  coherence  in  plasma 
oscillations  is  fully  destroyed  per  time  interval  of  about  2  ps. 
It  is  a  usual  time  of  the  correlation  duration  in  bulk  semi¬ 
conductors  at  the  room  temperatures  [10],  which  is  deter¬ 
mined  primarily  by  the  momentum  relaxation  time.  After 
the  first  stage  is  finished  (i.e.  at  t  >  2  ps)  the  correlation  func¬ 
tion  tail  demonstrates  pronounced  oscillations  (see  Fig.  2(b)) 
which  reflect  long-time  correlation  of  the  spontaneous 
transit-time  oscillations  in  the  diode. 


t(ps) 


Fig.  2.  (a)  Short  and  (b)  long  time  behavior  of  the  correlation  function  of 
the  current  fluctuations  calculated  for  the  case  of  Fig.  1.  The  Cp)  is  nor¬ 
malized  to  its  initial  value  at  t  =  0. 


Two  types  of  oscillations  of  C/t)  in  time  are  responsible 
for  appearance  of  two  peaks  in  the  frequency  dependence  of 
the  spectral  density  of  the  current  fluctuations,  S/v),  present¬ 
ed  in  Fig.  3.  The  first  spike  at  the  frequency  v  =  230  GHz  is 
caused  by  spontaneous  formation  of  electron  accumulation 
layers  and  their  subsequent  drift  through  the  n-region.  The 
second  one,  i.e.  the  resonant  peak  of  Sjiy)  near  the  frequency 
V  =  8THz  corresponds  to  the  plasma  oscillations  in  the  n* 
regions.  Comparing  the  first  peak  position  with  the  whole 
amplification  range  v  =  90-230  GHz  at  t/j  =  5  V  deter¬ 
mined  for  the  same  diode  from  the  small-signal  analysis  per¬ 
formed  by  the  hydrodynamic  approach  [14,  15]  one  can 
conclude  that  the  spontaneous  transit-time  oscillations  cor¬ 
respond  to  the  maximum  generation  frequency  and,  hence, 
to  minimum  transit-time  necessary  for  a  single  accumula¬ 
tion  layer  to  be  formed,  to  cross  the  n  region,  and  to  vanish 
at  the  anode.  This  frequency  is  in  good  agreement  with  the 
maximum  frequency  of  microwave  power  generation 
observed  experimentally  in  similar  diodes  [12]. 

Let  us  consider  now  the  voltage  noise  characteristics  of 
the  same  diode  calculated  at  the  constant  total  current 
j  —  1.03  X  10®  A/m^,  corresponding  to  the  average  applied 
voltage  l/j  =  5  V.  Let  us  recall  that  the  constant  current 
operation  implies  existence  of  very  high  external  resistance 
connected  in  series  with  the  diode.  Therefore,  under  the  con¬ 
ditions  close  to  the  current  driven  operation  all  conduction 
current  and  voltage  oscillations  must  be  effectively  damped 
in  time  due  to  influence  of  this  resistance.  It  is  in  a  good 
agreement  with  the  short-  and  long-time  behavior  of  the 
voltage  fluctuations  presented  in  Figs  4(a)  and  (b),  respec¬ 
tively.  One  can  observe  a  rather  small  (less  than  1  percent) 
plasma  oscillations  of  the  voltage  drop  between  the  diode 
terminals,  which  are  superimposed  on  a  long-time  variation 
of  Ua-  The  long-time  fluctuations  of  are  of  the  same 
order  in  magnitude  as  the  current  fluctuations  considered 
above  [cf.  Fig.  2(b)].  However,  any  periodicity  in  the  fluc¬ 
tuations  is  absent.  It  is  evidenced  by  Fig.  5  where  the  corre¬ 
lation  function  of  the  voltage  fluctuations  is  shown  as  a 
function  of  time.  The  CjXO  decreases  monotonically  (but  not 
exponentially)  with  time  and  practically  goes  to  zero  per 
time  t  =  4-5  ps,  that  coincides  with  the  average  transit-time 
of  a  single  accumulation  layer.  Thus  the  average  transit-time 
can  be  considered  as  a  correlation  duration  of  internal  fluc¬ 
tuations  inside  the  diode  under  the  constant  current  oper- 


f  (GHz) 

Fig.  3.  Frequency  dependence  of  the  spectral  density  of  the  current  fluctua¬ 
tions  calculated  from  the  correlation  functions  presented  in  Fig.  2.  = 

3V. 
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(a) 


t(ps) 


Fig.  4.  (a)  Short  and  (b)  long  time  behavior  of  the  voltage  fluctuations 
obtained  by  the  Monte  Carlo  simulation  under  the  constant  current  oper¬ 
ation  for  n^nn*  InP  diode  at  the  average  applied  voltage  [/^  =  5V.  The 
diode  parameters  are  the  same  as  Fig.  1. 


ation.  The  monotonous  decrease  of  the  correlation  function 
results  in  the  Lorentzian  shape  of  the  frequency  dependence 
of  the  spectral  density  of  the  voltage  fluctuations  shown  in 
Fig.  6  by  solid  line.  The  almost  linearly  decrease  of  the 
correlation  function  at  small-time  scale  with  sufficiently  long 
characteristic  time  (of  about  10  ps)  cuts  the  high-frequency 
part  of  the  spectrum.  Such  a  shape  of  the  voltage  noise  spec¬ 
trum  implies  that  the  long-time  fluctuations  of  the  voltage 
with  duration  of  about  10  ps  and  more  are  mostly 
responsible  for  the  noise.  It  is  in  a  good  agreement  with  the 
time  behavior  of  the  voltage  fluctuations  presented  in  Fig. 
4(b).  For  comparison  Fig.  6  also  presents  the  first  peak  of 
the  spectral  density  of  the  current  fluctuations  calculated 
under  the  constant  voltage  operation  (both  spectra  are  nor¬ 
malized  to  their  maximum  values).  The  spectrum  of  the 
current  fluctuations  outside  the  resonant  region  remains 
nearly  flat  up  to  the  frequencies  of  about  1  THz  which  is 
roughly  corresponds  to  duration  of  the  correlation  on  the 
microscopic  level  caused  by  the  combined  action  of  the 
momentum  and  energy  relaxation  times  [10,  16].  Indeed, 
the  time  dependence  of  the  current  fluctuations  is  much 
more  noisy  than  that  of  the  voltage  fluctuations  on  the  time 
scale  less  than  10  ps  [cf.  Figs  1(b)  and  4(b)].  Moreover,  the 
transit-time  resonant  peak  appears  when  the  voltage  noise 
practically  disappears.  Thus,  for  the  same  diode  the  voltage 
and  current  noise  take  place  in  different  frequency  ranges 
and  has  different  character  inspite  of  the  fact  that  they  both 


Fig.  5.  Time  behavior  of  the  correlation  function  of  the  voltage  fluctua¬ 
tions  at  the  diode  terminals  calculated  for  the  case  of  Fig.  4.  The  Cj^t)  is 
normalized  to  its  initial  value  at  t  =  0. 


have  the  same  microscopic  cause  related  to  the  velocity  fluc¬ 
tuations  of  single  particles. 

To  explain  the  main  peculiarities  of  such  a  behavior  it  is 
necessary  to  take  into  account  that  the  diode  noise  which  is 
induced  in  the  external  circuit  is  determined  not  only  by 
distribution  of  the  internal  microscopic  sources  but  also  by 
a  capability  of  the  diode  to  amplify  or  to  damp  small  per¬ 
turbations  appearing  inside  the  diode.  For  the  voltage  and 
current  driven  operations  these  capabilities  are  described  in 
a  macroscopic  level  by  the  small-signal  admittance  and 
impedance  of  the  diode,  Y{v)  and  Z(v),  respectively,  which 
are  mutually  connected  by  a  relation  y(v)Z(v)  =  1.  As  it 
follows  from  eq.  (4)  the  square  modulus  of  these  quantities 
give  interconnection  between  the  frequency  dependencies  of 
the  current  and  voltage  noise.  Therefore,  Fig.  7  presents  the 
frequency  dependence  of  the  absolute-values  squares  of  the 
small-signal  impedance  and  admittance  of  the  diode  calcu¬ 
lated  by  the  HD  approach.  The  |  Z(v)  decreases  monotoni- 
cally  with  the  frequency  v  while  the  spectrum  of  |  y(v) 
exhibits  the  sharp  spike  which  is  a  consequence  of  the 
described  above  resonant  behavior  of  the  diode  under  the 
voltage  driven  operation.  The  resonant  frequency  corre¬ 
sponds  to  the  upper  boundary  of  the  first  generation  band 
[14],  that  is  to  the  minimum  time  which  is  required  by  the 
accumulation  layer  to  transit  across  the  diode.  By  compar¬ 
ing  Figs  6  and  7  we  conclude  that  the  main  features  of  the 


Fig.  6.  Frequency  dependence  of  the  spectral  density  of  the  voltage  and 
current  fluctuations  (solid  and  dashed  lines,  respectively). 
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V  (GHz) 

Fig.  7.  Frequency  dependence  of  the  square  modulus  of  the  small-signal 
impedance  and  admittance  calculated  by  the  hydrodynamic  approach 
(solid  and  dashed  lines,  respectively).  The  diode  parameters  are  the  same  of 
Fig.  1. 

spectral  characteristics  of  the  equivalent  sources  of  the 
current  and  voltage  noise  are  caused  by  the  frequency 
dependence  of  |  y(v)|^  and  |Z(v)|^,  respectively.  The  reson¬ 
ant  behavior  of  the  small-signal  admittance  is  responsible 
for  the  peak  of  the  spectral  density  of  the  current  fluctua¬ 
tions  near  the  transit-time  frequency  and,  in  turn,  the 
monotonous  decrease  of  the  spectral  density  of  the  voltage 
fluctuations  at  increasing  frequency  is  caused  by  a  similar 
behavior  of  |Z(v)|^. 

4.  Conclusions 

By  performing  a  theoretical  analysis  of  the  noise  spectral 
density  of  submicron  InP  diodes,  we  have  proven 

that  the  calculation  of  the  noise  spectra  provides  useful 
information  about  the  physical  processes  responsible  for  the 
device  performance.  Under  the  constant  voltage  operation 
the  microscopic  fluctuations  of  the  single  particle  velocities 
in  the  n  and  n'*'  regions  results  in  macroscopic  oscillations  of 
the  correlation  function  of  the  current  fluctuations  at  the 
both  long-  and  short-time  scales  leading  to  the  resonant 
peaks  in  the  noise  spectra  at  the  transit-time  and  plasma 
frequencies,  respectively.  Outside  the  transit-time  resonance 


region  the  current  noise  is  nearly  white  up  to  frequencies 
of  about  1  THz,  which  corresponds  to  correlation  duration 
caused  by  the  momentum  and  energy  relaxation  times.  The 
transit-time  resonance  is  caused  by  quasi-periodic  process 
one  cycle  of  which  includes  a  formation  of  the  electron  accu¬ 
mulation  layer  near  the  n  region  center,  its  travelling  across 
the  diode  and  disappearance  at  the  anode  contact.  Under 
the  constant  current  operation  the  voltage  noise  spectrum 
has  the  usual  Lorentzian  shape  which  starts  at  low  fre¬ 
quencies  and  practically  vanish  at  the  transit-time  fre¬ 
quency. 
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Abstract 

Power  deviee  structures,  which  could  be  implemented  by  using  diamond 
technology  of  today,  have  been  analyzed  with  the  aid  of  a  two-dimensional 
numerical  simulator  code  for  semiconductor  devices.  It  has  been  found  that 
partial  ionization  of  deep  acceptor  states  substantially  degrades  the  electri¬ 
cal  performance  of  1000  V  lateral  diamond  power  MESFETs.  No  advan¬ 
tage  over  corresponding  silicon  devices  can  be  obtained.  If  the  partial 
ionization  phenomenon  can  be  eliminated,  the  on-resistance  of  the 
diamond  MESFET  is  almost  two  orders  of  magnitude  smaller  than  in  ver¬ 
tical  silicon  power  MOSFETs  having  the  same  breakdown  voltage. 

1.  Introduction 

Recent  progress  in  silicon  power  MOSFETs  has  brought 
the  on-resistance  down  to  within  a  factor  of  2  of  the  theo¬ 
retical  minimum  value  0.13  mQcm^  for  55  V  devices  [1].  It 
is  therefore,  necessary  to  consider  other  semiconductor 
materials  if  further  improvements  in  device  performance  are 
to  be  realized  in  the  future. 

Recently  it  has  been  recognized  that  semiconducting 
diamond  is  a  very  attractive  material  for  high-power  devices 
due  to  its  high  breakdown  field  (10’Vcm“‘),  high  electron 
and  hole  mobilities  (2000  and  1800  cm ^/Vs,  respectively), 
and  the  highest  thermal  conductivity  (20Wcm“*K~^)  of 
any  solid  at  room  temperature  [2].  However,  the  per¬ 
formance  of  diamond  devices  made  so  far  has  been  poor 
[3-6].  This  is  partly  due  to  difficulties  in  single  crystal 
growth,  material  etching,  selective  doping  and  metal  contact 
formation.  Also  dimensions  and  layouts  of  the  diamond 
devices  have  been  far  from  optimized  ones. 

Wide  bandgap  semiconductors  typically  can  be  doped 
either  n-type  or  p-type,  but  not  both  [7].  Doped  layers  have 
so  far  been  produced  with  limited  success  [8].  A  major  dif¬ 
ference  between  the  atomic  concentration  and  the  carrier 
concentration  for  each  dopant  has  been  found.  One  possible 
explanation  for  this  phenomenon  is  that  defects  compensate 
dopants.  Partial  ionization  of  deep  acceptor  (donor)  states 
will  therefore  affect  the  electrical  performance  of  the 
material. 

In  this  paper  we  show  by  using  a  semiconductor  device 
simulation  code  that  partial  ionization  of  deep  acceptor 
states  deteriorates  severely  the  otherwise  excellent  electrical 
performance  of  lateral  power  diamond  MESFETs.  The 
results  are  also  compared  to  those  of  a  corresponding  verti¬ 
cal  power  silicon  MOSFET. 
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2.  Simulation  model 

When  investigating  the  potential  of  diamond  in  power 
device  applications  by  using  2D  numerical  simulation  we 
rely  on  the  fact  that  the  theory  of  physical  properties  of 
semiconductors  and  of  the  relation  of  these  properties  to  the 
performance  of  devices  is  well  understood  and  this  theory 
can  be  applied  to  any  semiconductor  material.  This  actually 
provides  a  basis  of  the  comparison  and  ranking  of  devices 
made  of  different  semiconductor  materials. 

In  the  simulations  of  the  electrical  characteristics  of 
diamond  power  transistors  we  use  the  two-dimensional 
simulator  code  SCORPIO  [9],  which  was  originally  devel¬ 
oped  for  silicon  devices.  SCORPIO  solves  the  Poisson  equa¬ 
tion  and  the  current  continuity  equations  in  the  drift 
diffusion  approximation  for  electrons  and  holes.  The  Gov¬ 
erning  equations  have  been  spatially  discretized  by  use  of 
the  Box  Integration  Method  (BIM)  [10].  The  BIM  is  a  gen¬ 
eralization  of  the  finite  difference  method  and  it  requires  an 
appropriate  partitioning  of  the  device  domain  into  boxes. 
The  device  is  built  up  by  rectangles  and/or  acute  triangles 
defined  by  the  user  and  the  mesh  is  automatically  generated 
and  refined  on  the  basis  of  these  elements.  The  Poisson 
equation  is  integrated  over  the  box  and  the  divergence  of 
the  electric  field  is  approximated  with  a  weighted  sum  of  the 
components  of  the  field  to  all  neighboring  grid  points.  For 
the  continuity  equations  the  well-known  Scharfetter- 
Gummel  discretization  scheme  [11]  is  applied.  The  integral 
of  the  divergence  of  the  current  density  is  approximated  in 
the  same  way  as  that  of  the  electric  field.  The  electric  field 
and  the  mobility  are  calculated  in  a  virtual  grid  point 
between  two  ordinary  grid  points. 

The  analytical  form  of  the  basic  transport  equations  is 
independent  of  the  semiconductor  material.  Differences  in 
the  simulated  results  are  due  to  physical  model  functions, 
which  describe  the  semiconductor  material  dependent 
parameters  such  as  mobility,  diffusivity,  and  generation  and 
recombination  of  the  charge  carriers.  On  the  other  hand,  the 
model  functions  depend  on  the  charge  carrier  density, 
current  density  and  electric  field,  which  makes  the  basic 
transport  equations  highly  non-linear. 

The  relatively  large  activation  energies  of  the  electrically 
active  impurities  (donors  and  acceptors)  in  diamond  have 
raised  an  important  question  about  the  complete  ionization 
of  the  impurities.  In  power  semiconductor  devices  the  per¬ 
formance  is  often  predominantly  determined  by  the  lowly 
doped  regions,  which  are  required  for  the  voltage  capability 


Physica  Scripta  T54 


152  K.  J.  Grahn,  P.  Kuivalainen  and  S.  Er  'dnen 


Fig.  1.  Cross-section  of  a  lateral  diamond  MESFET  used  in  the  simula¬ 
tions.  The  gate  length  is  2  tun  and  both  the  drain-gate  and  source-gate 
distances  are  3tim.  The  thickness  of  the  active  diamond  layer  having  the 
doping  N*  =  10'®  cm"^,  is  1.5  pm. 


of  the  devices.  By  writing  n  =  we  can  derive  an  expres¬ 
sion  for  the  density  of  the  ionized  donor  levels  [12] 


Here  is  the  density  of  the  donor  atoms,  Nq  the  effective 
density  of  states  in  the  conduction  band  and  the  activa¬ 
tion  energy  of  the  donor  levels.  A  similar  equation  can  be 
written  for  ionized  acceptors  but  double  degeneracy  of  the 
impurity  level  has  to  be  taken  into  account.  For  some 
typical  values  in  diamond,  Nq  =  10*^  cm“^,  Nc  — 
10‘®cm“^  and  E^  =  0.2e\,  we  have  No=0.74No  at 
T  =  300  K.  Thus  the  ionization  is  almost  complete  even  at 
room  temperature.  However,  experimental  results  [8]  in 
p-type  diamond  thin  films  show  that  only  a  small  fraction  of 
boron  acceptors  is  ionized  in  CVD.  In  the  simulations  of  the 
lateral  p-MESFETs  we  have  taken  this  effect  into  account. 

Our  model  functions  for  the  mobility  of  the  electrons  and 
holes  include  carrier  velocity  saturation  at  high  fields  as  well 
as  the  influence  of  temperature,  doping  and  carrier  densities, 
and  electric  field  [9,  13].  In  the  generation  and  recombi¬ 
nation  model  we  include  the  Shockley-Read-Hall,  Auger 
and  impact  ionization  mechanisms  [13].  In  order  to  con¬ 
sider  the  thermionic  nature  of  the  current  at  the  metal- 
semiconductor  interface,  we  write  the  boundary  conditions 


Fig.  2.  l-V  characteristics  of  the  p-type  diamond  MESFET  shown  in 
Fig.  1. 


for  the  hole  densities  at  the  interface  as  [14] 


(P-Ps) 

Afv 


(2) 


where  is  the  equilibrium  surface  concentration  of  holes,  Jp 
is  the  hole  current  density  and  Ny  is  the  effective  density  of 
states  in  the  valence  band.  The  surface  concentration  of 
holes  is  calculated  from  the  surface  potential.  Further, 
A^lp  =  1.4  ♦  Ar  is  the  effective  Richardson  constant  of 
holes. 


3.  Simulations  on  lateral  power  diamond  MESFET 

Vertical  power  device  structures  have  higher  power  hand¬ 
ling  capability  than  lateral  structures.  However,  in  the  case 
of  diamond  there  are  severe  problems  related  to  the  fabrica¬ 
tion  of  n-type  vertical  devices.  All  the  diamond  transistors 
made  so  far  have  been  lateral  p-type  devices.  Therefore,  we 
have  analyzed  the  lateral  MESFET  structure  shown  in  Fig. 
1,  and  optimized  it  as  a  power  transistor.  The  MESFET 
structure  was  chosen  since  a  Schottky  junction  is  a  more 
realistic  gate  structure  in  diamond  than  a  pn-junction  in  a 
JFET.  The  p-type  device  was  also  chosen  because  of  diffi¬ 
culties  in  growing  doped  n-type  diamond  epitaxial  layers. 
So,  the  chosen  device  structure  could  be  implemented  by 
using  existing  diamond  and  semiconductor  technologies. 

Dimensions  of  the  analyzed  MESFETs  have  been  chosen 
in  order  to  compare  transistor  characteristics  with  vertical 
silicon  devices  in  power  applications.  The  minimum  value 
for  the  drain-gate  distance  L^g,  in  the  MESFET  structure 
shown  in  Fig.  1  is  determined  by  the  wanted  breakdown 
voltage  and  also  by  the  space  charge  limited  current 
(SCLC)  [15].  We  have  found  SCLC  to  become  dominant  in 
very  small  diamond  device  structures.  On  the  other  hand, 
large  values  of  L^g  increase  the  on  state  resistance  ,  and 
therefore  an  optimized  value  for  L^g  must  be  found.  When 
the  simulated  Kr  is  just  above  1000  V,  the  minimum  value 
for  L„g  is  3  pm.  In  this  case  R„„  is  as  small  as  Tmficm^.  This 
value  is  about  two  orders  of  magnitude  smaller  than  the 
theoretical  minimum  value  266  m  12  cm^  for  vertical  1000  V- 
silicon  power  MOSFETs  [16].  This  difference  is  due  to  the 
fact  that  the  high  breakdown  field  of  diamond  allows  a 
much  higher  doping  density. 

Figure  2  shows  the  whole  I-V  characteristics  of  the  opti¬ 
mized  diamond  MESFET.  The  gate  control  is  good,  i.e.,  the 
transistor  can  be  switched  to  an  off-state  with  a  moderate 
change  in  the  gate  voltage.  Transconductance  in  this  p-type 
diamond  transistor  is  8.6  mS/mm  at  =  — 10  V  and 
Kgs  =  IV. 

The  simulation  results  indicate  that  even  lateral  diamond 
devices  would  be  superior  to  the  most  advanced  silicon 
power  devices  in  the  same  Kb.  rating.  Notice  that  we  have 
not  compared  thermal  properties  of  the  devices.  These  con¬ 
siderations  would  even  strengthen  the  above  conclusions, 
since  thermal  conductivity  of  diamond  is  an  order  of  magni¬ 
tude  large  than  in  silicon. 


4.  Effect  of  partial  ionization 

In  the  simulations  above  it  was  assumed  that  all  the  dopant 
atoms  will  be  ionized.  In  the  case  of  rather  large  ionization 
energies  of  dopants  in  diamond,  almost  all  donors  or  accep- 
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Fig.  3.  I-V  characteristics  of  the  modified  diamond  MESFET. 

tors  seem  to  be  ionized  in  the  lightly  doped  regions  of  the 
device  according  to  the  simple  model  discussed  in  Section  2. 
However,  experimental  results  [8]  for  p-type  diamond  thin 
films  indicate,  that  only  a  very  small  fraction  (10"^)  of 
impurities  is  ionized.  It  is  not  yet  certain  that  this  drawback 
can  be  eliminated  in  the  future  as  the  diamond  technology 
develops.  Therefore  we  have  performed  simulations  on 
lateral  diamond  p-MESFET  structures  by  taking  this  effect 
into  account. 

In  the  case  of  power  transistors  the  partial  ionization 
means  that  in  order  to  get  a  low  on-state  resistance  with  a 
carrier  concentration  of  10‘®cm“^,  the  doping  concentra¬ 
tion  should  be  as  high  as  10‘^cm”^.  On  the  other  hand,  the 
heavy  doping  decreases  the  breakdown  voltage  and  results 
in  a  very  low  mobility,  which  in  turn  increases  the  on-state 
resistance.  Therefore  it  is  not  obvious  in  advance,  that 
diamond  would  remain  a  superior  material  for  power  tran¬ 
sistors,  when  the  partial  ionization  is  taken  into  account. 

Since  only  a  fraction  of  impurities  is  ionized,  the  high 
dopant  concentrations  should  not  decrease  as  dramat¬ 
ically  as  in  the  normal  completely  ionized  case.  On  the  other 
hand,  the  avalanche  breakdown  should  occur  much  easier 
for  these  unionized  impurities  with  ionization  energies  0.2- 
0.3  eV  than  in  the  ordinary  avalanche  process  related  to  the 
generation  of  electron-hole  pairs  across  the  5.5  eV  band  gap. 
We  have  simulated  the  worst  case,  i.e.,  by  assuming  that  due 
to  doping,  Kr  decreases  as  much  as  in  the  ordinary  case 
with  fully  ionized  impurities. 

The  simulated  lateral  diamond  MESFET  is  the  same  as 
in  Fig.  1  but  the  doping  density  of  the  active  layer  is  now 
chosen  to  be  =  10‘®cm”^.  We  assume  that  only  1/1000 
of  the  acceptors  in  the  active  layer  are  ionized.  However,  the 
new  acceptor  doping  degrades  the  mobility.  The  pinch-off 
voltage  will  not  change  because  only  ionized  impurities 


affect  its  values.  For  high  gate  voltages  we  can  expect  ion¬ 
ization  of  impurities  beneath  the  gate  due  to  the  high  elec¬ 
tric  field.  This  affects  the  driving  capability  and  the 
on-resistance  of  the  device.  In  order  to  minimize  this  effect 
we  have  calculated  the  on-resistance  at  a  gate-source 
voltage  of  =  0  V. 

Figure  3  shows  the  I-V  characteristics  of  the  modified 
diamond  MESFET.  The  current  values  are  about  2/3  of 
those  calculated  for  the  original  lateral  diamond  MESFET. 
The  calculated  is  24mncm^  and  the  calculated  Kr  is 
llOV  for  a  doping  density  of  =  10‘®cm“^.  For  a  corre¬ 
sponding  power  Si  MOSFET  (100  V)  with  a  gate  length  of 
Lg  =  0.3  pm  the  on-resistance  is  4mQcm^  [16]. 

5.  Conclusions 

Computer  simulations  show  that  partial  ionization  of  deep 
acceptor  states  substantially  degrades  the  performance  of 
lateral  diamond  power  MESFETs.  The  results  indicate  that 
we  have  no  advantage  over  corresponding  silicon  devices. 
We  also  show  that  if  the  partial  ionization  drawback  can  be 
eliminated,  the  simulated  electrical  performance  of  lateral 
diamond  power  MESFETs  exceeds  by  orders  of  magnitude 
those  of  silicon  devices  having  the  same  breakdown  voltage. 
Additional  advances  of  diamond  devices  are  high  thermal 
conductivity  and  high  temperature  operation.  The  simulated 
structures  can  be  fabricated  by  using  the  existing  diamond 
device  technology.  Some  improvements  in  the  performance 
can  still  be  expected  when  changing  from  silicon  to 
diamond,  but  this  necessitates  a  significant  progress  in  the 
fabrication  technologies  of  diamond  devices. 
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Abstract 

An  analytical  model  is  developed  which  accounts  the  quantum  mechanical 
corrections  to  the  threshold  voltage  Vj  MOSFETs  having  their  channel 
lengths  in  deep  submicron  region.  The  model  is  based  on  a  variational 
solution  of  the  Schrodinger  equation  for  electrons  in  an  inversion  layer  of  a 
MOSFET,  and  it  takes  into  account  effects  of  the  quantized  electrons,  the 
electron  charge  distribution  and  bandgap  narrowing  on  Vj.  Without  any 
fitting  parameters  the  model  explains  well  the  measured  quantum  shifts  of 

1.  Introduction 

It  is  well  known  [1],  that  in  the  case  of  strong  inversion, 
electron  motion  in  the  channel  of  a  MOSFET  is  quantized 
in  the  direction  perpendicular  to  the  Si-Si02  interface.  In 
the  modelling  of  the  electrical  behaviour  of  the  MOSFETs 
this  quantization  usually  can  be  neglected  at  room  tem¬ 
perature.  However,  in  the  modern  MOSFETs  having  their 
channel  lengths  in  the  deep  submicron  region,  the  channel 
doping  concentrations  have  been  increased  in  order  to 
suppress  punch-through  currents.  This,  in  turn,  enhances 
the  quantum  effects  in  the  channel  region  by  increasing  the 
splitting  between  the  quantized  energy  levels  of  the  charge 
carriers.  The  quantization  increases  the  threshold  voltage  of 
the  MOSFET.  This  is  due  to  two  facts:  In  the  quantized 
case  the  first  allowed  energy  level  Eq  does  not  coincide  with 
the  bottom  of  the  conduction  band  E^.  Therefore,  due  to 
the  energy  difference  Eq-Eq  ,  an  additional  band  bending  is 
needed  for  the  onset  of  the  inversion  in  the  MOSFET 
channel.  On  the  other  hand,  when  the  charge  density  in  the 
channel  is  considered,  there  is  a  difference  between  the  clas¬ 
sical  and  quantum  solutions.  The  average  distance  of  the 
charge  density  from  the  Si-SiOj  interface  is  larger  in  the 
quantized  case,  thereby  decreasing  the  effective  oxide  capac¬ 
itance  and  further  increasing  the  threshold  voltage  Vf.  In 
deep  submicron  devices  the  threshold  voltage  must  be 
designed  to  be  below  0.6  V,  which  also  enhances  the  impor¬ 
tance  of  the  quantum  mechanical  corrections  to  Vj  in  the 
modelling  of  these  devices 

The  first  analytical  model  for  the  quantum  corrections  of 
Vj  was  published  recently  by  van  Dort  et  al.  [2,  3]).  They 
proposed  a  simple  model  for  the  extra  band  bending.  A*?  ~ 
Eg  —  Ec  =  where  is  the  acceptor  doping  con¬ 

centration  and  P  a  fitting  parameter.  The  model  explained 
well  the  measured  changes  in  Vj ,  although  in  some  cases  [2] 
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unphysically  large  values  for  the  fitting  parameter  p  were 
needed. 

In  this  paper  we  compare  two  analytical  models  for  the 
quantum  mechanical  corrections  to  Vj  based  on  two  first 
order  analytical  solutions  of  the  Schrodinger  equation  ([1]: 
A  variational  solution  and  the  triangular  potential  approx¬ 
imation.  The  calculated  corrections  to  Vj  are  compared  to 
the  experimental  results  without  any  fitting  parameters. 


2.  Theory 


The  classical  expression  [4]  for  the  threshold  voltage  of  a 
n-channel  MOSFET  is  given  by 


—  FpB 


^  \/2£si  qN^ 


(1) 


where  is  the  flat  band  voltage  including  work  function 
difference  between  silicon  and  gate  material,  and  interface 
and  oxide  changes.  'Pj  is  the  surface  potential  in  the  SiSi02 
interface,  the  substrate  doping  concentration,  and  = 
EsiOzItox  is  the  oxide  capacitance  per  unit  area,  where  SsiOj  is 
the  permittivity  of  Si02  and  the  oxide  thickness. 

In  the  classical  solution  of  the  Poisson  equation  the  elec¬ 
tron  density  in  the  channel  has  a  maximum  at  the  silicon 
surface,  whereas  in  the  quantum  mechanical  solution  the 
maximum  is  shifted  from  the  surface  [1].  This  causes  a 
change  in  the  effective  capacitance  [2,  3] 


to,  +  ■ 


Az 


(2) 


where,  Az  =  <z>qm  —  <z>cl  is  the  difference  between  the 
quantum  mechanically  and  classically  calculated  average 
distances  to  the  interface.  The  silicon  bandgap  is  effectively 
increased  due  to  energy  difference  between  the  bottom  of 
the  conduction  band  E^  and  the  first  allowed  energy  level 
Eq  in  the  quantized  channel.  The  total  band  bending  due  to 
the  quantum  corrections  is  now  given  by 


A'Ps  =  {Eq  -  £c  -  +  Fs  Az  (3) 

where  the  ordinary  bandgap  narrowing  [5],  AE^  x  18meV  • 
log  {NjJlO^'^),  due  to  heavy  doping  partially  compensates 
the  bandgap  widening  Eq  —  Eq.  is  the  surface  electric 
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Oxide  Th  ickness  (nm) 

Fig.  1.  Quantum  mechanical  shifts  of  the  threshold  voltage  vs.  oxide  thick¬ 
ness  in  deep  submicron  MOSFETs.  The  experimental  results  (circles)  are 
from  [3],  and  the  theoretical  results  have  been  calculated  by  using  the 
variational  approach  (squares)  and  triangular  potential  approximation 
(triangles). 


The  average  value  of  z  for  the  variational  wave  function  (8) 
is  given  by  <z>qm  =  3/a,  where  a  is  the  value  that  minimizes 
the  total  energy 

<“> 

An  alternative  analytical  approach  for  solving  (6)  is  based 
on  the  approximation  where  the  potential  energy  V(z)  is 
described  by  a  triangular  potential  [1],  V(z)  =  qFgZ  for 
z  >  0,  and  elsewhere  F(z)  is  assumed  to  be  infinite.  This 
leads  to  the  Airy  equation  with  the  following  solution  for 
the  lowest  subband 


The  average  value  of  z  is  now  given  by  <z>qm  =  2Eol3qFs . 
The  threshold  voltage  shift  AVy=  can  now  be 

calculated  in  two  simple  cases,  eqs  (9)  and  (11).  the  ratio 
between  the  solutions  (11)  and  (9)  is  1.180046,  i.e.  the  varia¬ 
tional  approach  leads  to  a  lower  energy. 


field  given  by 


^'s  =  7-(^dep.  +  «inv)  (4) 

£si 

where  is  the  depletion  charge  density,  and  n-,„y  the  elec¬ 
tron  density  in  the  inversion  layer.  By  using  (4),  the  classical 
value  for  <z>cl  =  hT/qFg,  can  be  calculated  [1].  By  using 
(2)  and  (3)  the  quantum  mechanically  corrected  threshold 
voltage  can  be  written  as 

=  Ffb  -b  -b  (5) 

where = 

So,  in  order  to  estimate  we  have  to  calculate  E^ 
—  Eq  and  Az  in  (3),  which  can  be  obtained  from  the  solu¬ 
tion  of  the  Schrodinger  equation  [1] 

5^^®(z)  +  (E,-V(z))»(z)-0  (6) 


where  F(z)  is  the  electrostatic  potential  in  the  channel  and  it 
is  obtainable  from  Poisson  equation 


d^ 

dz^ 


F(z)  = 


Esi 


(7) 


where  is  the  acceptor  concentration  in  the  channel. 

A  self-consistent  solution  to  the  coupled  Poisson  and  Sch¬ 
rodinger  equations  is  possible  only  by  numerical  means. 
However,  the  limit,  in  which  only  one  subband  has  carriers 
in  it,  can  be  solved  by  using  a  variational  method  [1],  The 
wave  function  0(z)  can  be  approximated  by  a  trial  function 


«D(z)  = 


(8) 


If  we  neglect  charge  density  n^^^  in  the  inversion  layer,  the 
energy  of  the  lowest  subband  is  given  by 


Fq  Eq  — 


q^hV'^  Niil, 
\2)  \2TieJ 


(9) 


3.  Results 

Dort  et  al.  [2,  3]  have  estimated  experimentally  the 
quantum  shifts  of  Vj  by  comparing  the  measured  Ij’s  to 
those  obtained  from  simulations  when  using  a  classical  2-D 
device  simulator.  A  special  care  was  taken  in  order  to  elimi¬ 
nate  other  possible  explanations  for  the  observed  large  shifts 
in  Vf. 

Figure  1  shows  the  calculated  and  measured  [3]  results 
for  the  shift  in  the  threshold  voltage  as  a  function  of  the 
oxide  thickness  in  deep  submicron  MOSFETs  having  their 
channel  lengths  in  the  range  of  0.17  to  0.5  pm.  Our  calcu¬ 
lated  results  have  been  obtained  both  for  the  variational, 
solution  (9)  and  the  triangular  potential  approximation  (1 1). 
The  former  gives  lower  values  for  AI^,  as  it  should  since  the 
variational  approach  gives  the  lowest  energy  and  thereby  a 
smaller  shift  of  Vj.  The  dependence  of  Ak^  on  the  oxide 
thickness  (and  the  doping  concentration  AT  a)  is  well 
described  by  the  theory,  but  simple  models  (9)  and  (1 1)  give 
larger  shifts  than  the  experimentally  observed  ones. 
However,  in  an  other  series  of  experiments  Dort  et  al.  [2] 
have  observed  larger  shifts,  even  in  the  range  of  100- 
250  mV.  Therefore  we  may  state  that  the  simple  models  give 
the  right  order  of  magnitude  for  Ak^.  The  theoretical  results 
for  Ak^  presented  by  Dort  et  al.  [2,  3]  are  clearly  smaller  (in 
the  range  50-1 10  mV  for  t„^  =  5.9-13.3  mn)  than  our  results 
shown  in  Fig.  1.  The  reason  for  this  difference  is,  e.g.  the 
approximation  they  made  for  the  threshold  voltage  expres¬ 
sion  (5). 


4.  Conclusions 

Simple  analytical  models  for  the  quantum  mechanical  cor¬ 
rections  to  the  threshold  voltage  kj  in  deep  submicron 
MOSFETs,  can  easily  be  derived.  The  models  explain  the 
correct  order  of  magnitude  for  the  measured  shift  Ak^  and 
the  right  dependences  of  Ak^  on  doping  concentration  and 
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oxide  thickness.  The  results  show  that  in  deep  submicron  2. 
devices  the  quantum  mechanical  corrections  are  large  and 
they  certainly  must  be  taken  into  account  in  accurate  mod-  ^ 
elling. 

4. 
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Abstract 

A  physical  model  for  vertical  DMOS  power  transistors  is  presented.  The 
model  takes  into  account  various  short  channel  effects  in  the  DMOS 
channel  region  and  the  velocity  saturation  and  the  exact  device  geometry  in 
the  drift  region.  The  model,  aimed  at  computer  aided  design  of  power  inte¬ 
grated  circuits,  has  been  implemented  in  the  AFLAC  circuit  simulator.  A 
good  agreement  between  the  measured  and  simulated  results  for  vertical 
DMOSTs  is  demonstrated. 


1.  Introduction 

In  the  power  integrated  circuits  (PIC)  low  voltage  logic  and 
MOS-gated  power  devices  have  been  integrated  on  the  same 
silicon  chip.  The  computer  aided  design  of  the  PICs  is  typi¬ 
cally  a  tedious  analog  task,  where  accurate  device  models 
are  required  in  order  to  guarantee  reliable  simulations. 
Standard  SPICE  transistor  models  [1]  as  such  cannot 
describe  the  unique  features  of  the  new  power  devices,  such 
as  quasisaturation  at  high  bias  levels.  In  physical  device 
models  these  new  features  can  be  taken  into  account, 
although  the  implementation  of  the  model  may  require  a 
great  deal  of  work.  Recently  Kim  and  Possum  (K-F)  [2] 
published  a  physical  model  for  vertical  power  DMOSTs.  In 
the  present  paper  we  propose  an  alternative  model,  which 
differs  from  the  K-F  model  as  follows:  In  the  channel  region 
the  effect  of  the  acceptor  doping  gradient  on  the  threshold 
voltage  is  treated  in  a  more  general  case,  and  the  velocity 
saturation  of  charge  carriers  is  described  in  accordance  with 
the  measured  results  for  short  channel  MOSFETs.  In  the 
accumulation  region  the  space  charge  limited  current  is 
neglected,  but  instead,  the  voltage  drop  is  estimated  directly 
by  integrating  the  electric  field  over  the  region.  This  sim- 
phfies  the  model  and  decreases  strongly  the  computing  time. 


2.  Model 


A  new  feature  in  the  power  MOSFETs,  which  is  not  present 
in  the  standard  low  voltage  devices,  is  the  so-called  quasi¬ 
saturation,  i.e.,  the  loss  of  gate  control  of  the  drain  current 
at  very  high  current  levels  and  voltages.  In  order  to  describe 
quasisaturation,  the  velocity  saturation  of  the  charge  car¬ 
riers  must  be  taken  into  account  in  the  modelling  of  the 
drain 


— 


Ayqnn„E^ 


(1) 


where  n  is  the  electron  concentration,  /i„  the  low-field  elec¬ 
tron  mobility,  Ec  =  ,  and  the  electron  saturation 


velocity.  Figure  1  shows  the  cross-section  of  a  vertical 
DMOST,  where  the  drift  region  has  been  divided  into  three 
parts;  an  accumulation  region  (A),  a  drift  region  with  a 
varying  cross-section  area  Ay  (B),  and  a  drift  region  with  a 
constant  cross-section  Ay  (C).  Applying  (1)  to  the  region  (A) 
gives  an  expression  for  the  voltage  drop  in  this  region 


-I 


Wj  +  Wd 


Eydy  = 


W{L,,ffqN,n„)-IJEc 


(2) 


where  the  field  Ey  has  been  solved  from  (1),  W  is  the  width 
of  the  transistor,  and  JVj  is  the  donor  concentration  in  the 
drift  region.  The  rest  of  the  parameters  have  been  defined  in 
Fig.  1.  On  the  other  hand,  the  width  of  the  depletion  region 
can  be  expressed  as  a  function  of  voltage 

[2s 

^  (Hi  +  H  +  Hi.)J  (3) 


where  is  the  channel  drop  and  the  built-in  voltage  of 
the  body  p«-junction.  The  voltage  drop  can  be  solved 
from  (2)  and  (3),  and  it  is  given  by 


a^b 


V^  =  aW,  +  —  +  la^Wjb  +  -^  +  a^iKHi  +  K,) 


(4) 


with 


2£si 

qN, 


(5) 

(6) 


In  the  region  B  the  cross-section  Ay  depends  on  the  coordi¬ 
nate  y  (the  direction  downwards  from  the  surface  of  the 


b. 
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Fig.  2.  Measured  [2]  (squares)  and  simulated  (solid  curves)  I-V  character¬ 
istics  of  a  vertical  power  DMOST. 


device) 

Ay  =  +  (y-Wj-W^  cot  a]  (7) 

Again,  by  solving  Ey  from  (1)  and  integrating  Ey  over  the 
region  (B),  now  taking  into  account  (7),  one  obtains  the 
voltage  drop  in  the  region  (B) 

V-  JWqN,n„iL,^,  +  L,)-IJEc'] 

®  WqN,n„cotoi  WqN,L,,ffti,-IjylEc  J 

The  same  procedure  results  in  an  expression  for  the  voltage 
drop  in  the  region  (C) 

^  +  L,)qN,n„  -  IJEc  ^  ^ 

In  the  channel  region  we  can  apply  a  short  channel 
MOSFET  model  which  we  have  published  previously  [3]. 
The  model,  which  is  based  on  the  SPICE  short  channel 
MOS3  model  [1],  takes  into  account  various  short  channel 
effects  such  as  the  electron  mobility  degradation  due  to 
large  electric  fields  in  the  channel.  In  the  case  of  the 
DMOST  the  acceptor  doping  concentration  NJ^x)  has  a 
strong  gradient  in  the  direction  between  source  and  the  drift 
region.  In  accurate  physical  modelling  this  gradient  has  to 
be  taken  into  account  since  it  changes  the  threshold  voltage 
Fj- .  Assuming  an  exponential  position  dependence,  NJ^x)  = 
N°  exp  {—t]xfL),  and  following  the  ordinary  procedure  [1] 
for  deriving  the  basic  MOSFET  equations,  we  get 

Vr  =  FfB  +  PHI  +  -(l-  e-"/") 


where  PHI  and  Fg  are  the  standard  SPICE  parameters 
[1],  the  oxide  capacitance,  and  the  substrate  bias 
voltage.  Equation  (10)  reduces  to  the  one  derived  previously 
by  Kim  and  Fossum  [2]  for  small  values  of  the  parameter 
j;  1.  However,  in  real  DMOST  structures  q  is  typically 
much  larger  than  unity.  Thus  (10)  is  a  more  realistic  exten¬ 
sion  of  the  result  given  in  [2]. 


3.  Model  verification 

The  present  model  for  vertical  DMOS  power  transistors  has 
been  implemented  in  the  circuit  simulator  APLAC  [4].  The 
simulation  results  have  been  compared  to  the  measured 
ones  in  Fig.  2.  The  experimental  data  was  taken  from  [2] 
for  a  vertical  DMOST  structure.  Figure  2  shows  that  the 
model  describes  very  accurately  the  measured  data.  The 
average  error  is  only  2.1%,  which  is  smaller  than  in  the  K-F 
model  [2].  So,  although  we  neglected  the  space  charge 
limited  current  (SCLC)  in  the  modelling  of  the  accumulation 
region  (A),  our  model  gives  an  excellent  agreement.  The 
dropping  out  of  the  SCLC  decreases  strongly  the  computing 
time  needed  for  the  simulations,  since  now  the  time  consum¬ 
ing  iterations  required  in  the  calculation  of  the  SCLC,  can 
be  avoided. 


4.  Conclusions 

An  analytical  but  still  device  physics  based  model  for  verti¬ 
cal  power  DMOSTs  has  been  developed.  The  model  is  more 
simple  than  the  K-F  model  [2],  as  it  neglects  the  SCLC  in 
the  modelling  of  the  accumulation  region.  However,  we 
have  shown,  that  if  the  rest  of  the  DMOST  structure  is 
treated  strictly  according  to  device  physics,  this  more  than 
compensates  the  neglect  of  the  SCLC,  resulting  in  a  very 
small  error  between  the  measured  and  simulated  results. 
Also  the  computing  time  needed  in  the  simulations  is 
thereby  reduced  significantly. 
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Abstract 

The  1-V  characteristics  of  the  Permeable  Base  Transistor  (PBT)  has  been 
investigated  in  order  to  find  a  simple  and  practical  model  for  use  in  circuit 
designs.  Two  possible  approaches  has  been  discussed,  a  one-dimensional 
analytical  solution  and  a  semi-analytical  solution  mixing  analytical  and 
empirical  methods.  The  semi-analytical  model  developed  in  this  paper 
offers  high  accuracy  and  a  simple  and  fast  evaluation.  All  model  parameters 
can  be  extracted  from  a  set  of  I-V  curves  from  two  typical  transistors  with 
different  threshold  voltages.  An  analytical  small  signal  model  has  been 
developed  that  agrees  very  well  with  two-dimensional  simulations. 


List  of  symbols 


fio 

Q(V,  y) 

^sat 

V 

N, 

Z 

Q 

2a 

KV,  y) 
fds 

Vt 

K 

K 

p 


Gch 


^satO 


'sat* 


K 

w 


a, 

K 

n 


^linear 

^ref 

P(F) 

Qc\i,  ref 


Low  field  mobility 

General  symbol  for  the  channel  charge 
Velocity  saturation  for  carriers 
Potential  distribution  in  the  device 
Doping  concentration 
Device  dimension  in  z-direction 
Carrier  charge 
Grid  spacing 

The  depletion  boundary  in  the  channel 

Drain  to  source  current 

Drain  to  source  voltage 

Gate  to  source  voltage 

Gate  to  drain  voltage 

Threshold  voltage 

Characteristic  voltage 

Contact  potential 

Empirical  parameter  for  the  mobility  model 


Channel  conductance  in  saturation 


I  saturation 


Zero  biased  equivalent  saturation  current 
Channel  concentration  modulation  parameter 
True  minimal  saturation  current 
Saturation  voltage 
Linear  factor  between  and  (F^) 

General  symbol  for  depletion  width 
Equivalent  radius 

Depletion  width  towards  the  channel  at  y  =  0 
Empirical  constant  for  modelling  of  the  two- 
dimensional  depletion 


Channel  conductance  in  the  linear  region 


dKs 


I  linear 


Half  the  grid  spacing  for  a  reference  transistor 
Reference  polynomial 

Function  describing  for  a  reference  transistor 
Empirical  parameter  describing  the  relation 
between  and  the  grid  spacing 


ho  Depletion  width  towards  the  drain 

hs  Depletion  width  towards  the  source 

ots,  oto  Shape  factors 

y  The  ratio  between  and  Fq  — 

(2tot  Total  depletion  charge 

C,o,  Depletion  capacitance  at  the  gate 

Depletion  capacitance  towards  the  channel 
Co  Depletion  capacitance  towards  the  drain 

Cs  Depletion  capacitance  towards  the  source 

Cgs  Gate  to  source  capacitance 

Cgd  Gate  to  drain  capacitance 

/x  Unity  current  gain  frequency 

g^  Transconductance 

9m.  sat  Transconductance  in  saturation 


1.  Introduction 

The  Permeable  Base  Transistor  was  first  suggested  by 
Bozler  et  al.  in  1979  [1],  but  it  is  only  during  the  last  decade 
the  fabrication  technology  allows  high  performance  PBTs. 
A  normally  on  PBT  biased  in  its  ordinary  region  of  oper¬ 
ation  is  a  unipolar  device.  The  basic  operation  is  similar  to 
that  of  a  short  channel  vertical  MESFET,  but  the  vertical 
orientation  makes  dimensions  and  proportions  special.  As 
the  gate  length  often  is  chosen  below  0.1  pm,  the  effective 
channel  length  is  mainly  controlled  by  the  depletion  width 
towards  drain  and  source.  Several  authors  have  examined 
how  the  unity  current  gain  frequency  /x  depends  on 
geometry,  doping  profiles  and  semiconductor  materials  [2, 
3].  Although  simulations  indicate  an  excellent  high  fre¬ 
quency  potential,  real  devices  are  still  limited  by  the  fabrica¬ 
tion  process.  Large  effort  has  been  done  in  order  to  enhance 
the  fabrication  and  to  reach  even  smaller  dimensions  than 
before.  As  the  PBT  has  its  strongest  potential  in  high  fre¬ 
quency  applications  small  signal  models  have  been  under 
investigation  in  several  papers  [4,  5].  The  large /x  value  for 
a  PBT  makes  it  suitable  to  serve  as  the  main  active  amplify¬ 
ing  component  in  amplifiers  with  large  bandwidths. 
However,  there  are  other  important  features  that  also  have 
to  be  considered  if  the  component  should  be  used  as  an 
active  building  block  in  active  loads,  current  mirrors,  digital 
logic  and  other  similar  applications.  The  DC  characteristic 
of  the  PBT  is  not  fully  understood  and  has  to  be  solved  if 
the  component  should  be  used  at  its  optimal  potential.  For 
system  designs  there  has  to  be  simple  and  accurate  models 
available  so  that  the  designs  can  be  simulated  before  fabri¬ 
cation.  A  full  two-dimensional  drift-diffusion  simulation  is 
too  complex  for  the  computer  power  available  today  and 
not  practical  for  use  in  verification  of  larger  designs. 
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The  paper  is  organized  as  follows.  In  Section  2  a  one- 
dimensional  analytical  model  is  presented,  Section  3 
describes  the  semi-analytical  model,  Section  4  contains  an 
analytical  small  signal  model  of  the  PBT.  Conclusions  are 
given  in  Section  5.  The  software  package  used  for  two- 
dimensional  simulation  is  MEDICI  ver.  1.1. 


2.  One-dimensional  model 


The  most  commonly  used  MESFET  models  assumes: 
majority  carrier  transport,  constant  carrier  concentration  in 
the  channel  and  a  one-dimensional  current  flow.  The  same 
approximations  applied  to  the  PBT,  using  the  mobility 


model  proposed  in  [6],  gives: 

dF 

fioZQ(y,y):r 

,  dy 

(la) 

L  dy/  J 

i/p 

Q(V,y)  =  qN,[a-h(V,y)2 

(lb) 

One  critical  part  in  equation  (b)  is  h(V,  y)  (see  Fig.  1)  since 
the  dimension  of  the  grid  is  in  the  same  order  as  the  deple¬ 
tion  width.  This  situation  makes  the  simple  abrupt  diode 
expression  invalid  since  the  nature  of  the  problem  is  two- 
dimensional.  Each  grid  line  in  the  PBT  can  be  looked  upon 
as  an  infinite  long  conducting  strip.  Using  a  conformal  rep¬ 
resentation  the  strip  can  be  converted  to  an  equivalent  con¬ 
ducting  cylinder.  The  solution  of  Poisson’s  equation  for  a 
conducting  cylinder  in  a  semiconductor  environment  is: 


Vo-V^ 


2sq  2 


(2) 


where  W  is  the  depletion  width  and  a,  is  the  cylinder  radius. 

For  large  negative  Fg^  the  depletion  region  around  a  con¬ 
ducting  strip  will  be  a  circle,  corresponding  to  the  depletion 
region  for  a  certain  cylinder  with  radius  a^.  For  small 
the  depletion  region  will  follow  the  ordinary  one- 


Physica  Scripta  T54 


dimensional  expression.  A  good  empirical  approximation  of 
the  depletion  width  towards  the  channel  can  be  found  from 
equation  (2)  as : 


Vo-V^ 


1  qNj 
ri  ISo  e,\_2 


(3) 


where  tj  is  an  empirical  constant  only  dependent  on  the  grid 
thickness. 


Fig.  2.  Equivalent  radius  for  normalized  grid. 


A  diagram  over  equivalent  radius  for  different  grid  dimen¬ 
sions  can  be  seen  in  Fig.  2.  A  less  accurate  model  proposed 
in  [7]  is  to  use  a  scaled  version  of  the  one-dimensional 
expression  for  the  depletion  width: 


2eoeXVo-VJ 


(4) 


where  t]  is  an  empirical  constant,  but  not  identical  with  the 
empirical  constant  in  expression  (3).  The  numerical  value  of 
Ti  is  0.5  for  a  grid  thickness  of  0.02  pm  and  a  =  0.4  pm. 

The  empirical  parameter  rj  has  a  very  weak  doping  depen¬ 
dency  and  can  be  regarded  as  only  dependent  on  grid  thick¬ 
ness.  For  low  drain  to  source  voltages  the  depletion  is 
almost  independent  of  the  potential  distribution  in  the 
channel  and  depends  only  on  the  terminal  voltages.  Two- 
dimensional  simulation  reveals  that  the  shape  of  the  deple¬ 
tion  region  can  be  approximated  as: 

Hy)  =  a  +  h,,Jl-  ,  0<y^hs 

h(y)  =  a  +  h^Jl  -  ,  -h^^y^O  (5) 

Hy)  =  0,  y>hs,  y<-hD 

Using  this  approximation  and  solving  eq.  (1)  with  /S  =  1 
gives: 


y/A2  -  1  [2  arctan  {AJy/l  -  Al) 


^ds  A I 


Aa  +  ■ 


-%J\-  AX\~  inj  1  -  A2 
1A2A2^A2-\^\-  A\ 


(6) 
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where 


•"ds 


Vr.  —  V  ’ 

“0  “gs 


2soe, 


V  ’ 

.  _  v^iZqNjAiJriiVo  - 

^  v,,,ZqN,a-h,  ’ 


A3  =  iioZqN,a-^-^, 


A3  A2  y/ A2  —  1 

A  comparison  between  (6)  and  results  from  a  two- 
dimensional  simulation  is  plotted  in  Fig.  3.  The  large  error 
in  the  linear  region  is  a  direct  consequence  of  the  one¬ 
dimensional  approximation. 


3.  Semi-analytical  model 

An  empirical  model  can,  in  many  cases,  be  more  accurate 
than  an  analytical  model,  since  the  complexity  of  the  ana¬ 
lytical  approach  often  calls  for  approximations  that  will 
reduce  the  initial  accuracy  considerably.  On  the  other  hand 
device  physics  is  often  hidden  in  empirical  models.  In  spite 
of  this  limitation,  empirical  models  have  been  used  in  many 
simulation  tools  mostly  due  to  their  efficiency  when  it  comes 
to  computer  power  and  simulation  time.  Even  when  an  ana¬ 
lytical  solution  can  be  found,  the  non-ideal  reality  will  often 
put  a  limit  on  its  use,  which  forces  us  to  use  the  analytical 
model  in  an  empirical  way. 

The  saturation  of  the  drain  current  is  directly  related  to 
the  velocity  saturation  in  the  channel.  The  mobility  model 
proposed  in  [6]  gives  the  following  current  expression: 


where )?  =  2  for  n-type  silicon. 


X  10"^ 


Fig.  3.  Comparison  between  the  one-dimensional  model  and  two- 
dimensional  simulations.  (-I-)  one-dimensional  model,  (Solid  line)  two- 
dimensional  simulation.  starts  at  0.0  V  and  decreases  with  1.0  V  for  each 
IV  curve.  Transistor  dimensions  are  a  =  0.3  pm,  t  =  60  nm,  =  0.9  pm. 


One  of  the  nicest  characteristics  of  the  first  part  in  (7)  is 
the  asymptote  for  large  drain  voltages,  which  makes  the 
choice  of/(Ids)  very  simple.  The  final  ansatz  becomes: 


(.Gch  ^ds  “1”  ■^sato) 


(8) 


is  a  characteristic  voltage  which  determines  the  transition 
between  linear  and  saturation  regions.  The  parameter  is 
the  channel  conductance  in  saturation,  is  the  zero 
biased  equivalent  saturation  current  for  ^ds  =  0.  In  reality 
there  is  no  saturation  for  Vds  =  0,  but  this  is  just  a  fictive 
name  on  the  intersection  between  the  current  axis  and  the 
saturation  current  asymptote.  The  parameter  /?  is  a  direct 
consequence  of  the  original  curve  fitting  parameter  used  for 
the  mobility  model  [6].  An  iterative  least  square  method 
was  used  to  fit  equation  (8)  to  results  from  two-dimensional 
simulations.  The  extracted  parameters  can  be  seen  in  Fig.  4. 

The  simplest  parameter  to  view  in  a  physical  sense  is  , 
as  it  is  closely  related  to  the  minimal  saturation  current  . 


f saf  =  Z(a  -  h  Jv,^, ,  (9) 

where  is  the  maximum  depletion  width  in  the  channel, 
is  the  saturation  velocity  for  electrons. 

The  difference  is  not  large  and  can  be  neglected  if  the 
channel  conductance  is  small.  For  large  we  have  to  take 
into  account  the  saturation  voltage  which  is  related  to 

^satO  * 

■fsalO  fsat*  9ch  ^sat  >  ^at  ^  (Ifi) 

where  k  is  independent  of  the  grid  spacing  and  can  be 
extracted  from  a  reference  transistor. 

The  parameter  controls  the  transition  between  linear 
and  saturation  region.  If  j5  =  2  then  is  the  drain  to  source 
voltage  where  the  velocity  in  the  channel  is  equal  to  ''sat/ V^' 
In  the  linear  region  the  current  increases  due  to  increasing 
velocity.  At  ^ds  =  I^sa.  the  increase  in  current  is  no  longer 


X 10"^  Fig.  A 


Fig.  4.  (a)  Semi-analytical  model  fitted  to  data  from  two-dimensional  simu¬ 
lation  (-P)  semi-analytical  model,  (solid  line)  two-dimensional  simulation. 

starts  at  0.0  V  and  decreases  with  —  l.OV  for  each  IV  curve.  Transistor 
dimensions  are  a  =  0.2  pm  £  =  60  nm,  =  0.9  pm.  (b)  1^,^  as  a  function  of 
gate  biasing,  (c)  The  inverse  of  F  ds  a  function  of  gate  biasing,  (d)  Channel 
conductance  as  a  function  of  gate  biasing. 
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dominated  by  increasing  velocity  but  rather  due  to  increas¬ 
ing  carrier  concentration  in  the  channel.  From  (8)  we  can 
see  that  the  channel  conductance  for  small  (in  the  linear 
reagion)  is: 


01ii 


■^satO 


/ 


ds,  linear 


(11) 


The  linear  channel  conductance  gnnear  only  depends  on  gate 
biasing,  doping  and  grid  dimensions.  Let  us  assume  that  the 
grid  can  be  modelled  as  a  very  thin  strip  and  that  the  deple¬ 
tion  regions  does  not  reach  the  drain  and  source  contacts.  If 
these  assumptions  are  valid  we  can  scale  the  whole  device 
with  a  scaling  factor,  including  the  depletion  regions,  and  we 
will  find  that  ^Hnear  1*000  scaled  with  the  same  scaling 
factor.  This  means  that  if  the  transistor  dimensions  are 
scaled  with  a  factor  a,  then  the  gate  bias  has  to  be  scaled 
with  a  factor  a^.  Using  this  scaling  technique  we  can  derive 
^linear  for  any  PBT  as  long  as  we  have  ^unear  lor  one  tran¬ 
sistor.  As  the  grid  finger  width  does  not  influence  the 
current  in  the  device  a  change  in  the  grid  spacing  will  have 
the  same  effect  as  a  device  scaling.  In  order  to  make  the 
scaling  procedure  in  an  efficient  way  we  need  an  empirical 
model  for  gnnear  describing  the  gate  voltage  dependency.  A 
simple  and  fast  solution  is  to  use  a  polynomial  P(Fgs).  V,,  can 
be  found  from  (11)  as: 


(12) 


where  a„f  is  the  grid  spacing  for  the  reference  transistor  and 
P(F)  is  a  polynomial  describing  the  voltage  dependency  of 
^linear  lor  the  reference  transistor. 

The  same  scaling  procedure  can  be  used  to  take  into 
accunt  the  doping  dependency.  The  only  difference  is  that 
the  scaling  should  be  linear  and  not  a  square  law  [7]. 

The  mechanism  behind  is  the  same  as  in  a  short 
channel  MESFET  and  has  been  discussed  at  length  in  [8]. 
An  analytical  solution  for  is  difficult  to  find,  especially  if 
the  depletion  region  is  disturbed  by  the  physical  boundary 
of  the  device.  A  simple  and  practical  method  is  a  linear  com¬ 
bination  of  the  variables  most  essential  for  a  circuit  for  a 
circuit  design: 


6*ch  0ch,  ref(^gs)  “b  ^ref)’  (1^) 

where  Cj  is  an  empirical  parameter  independent  of  transistor 
biasing  and  dimensions,  g'^h,  ref  is  a  suitable  empirical  func¬ 
tion  describing  for  a  reference  transistor  with  with  grid 
spacing  and  F*  is  defined  as: 

=  (14) 


We  need  two  transistors  with  different  grid  spacing  in  order 
to  extract  parameters  for  g^,,.  A  simple  first  order  poly¬ 
nomial  is  often  sufficient  for  gch, ref-  An  even  simpler  solu¬ 
tion  is  to  use  a  constant  channel  modulation  parameter  2  as 
in  the  simplest  MOS-transistor  model  in  SPICE. 

0ch  ^-^satO  (f^) 

Figure  5  shows  a  comparison  between  two-dimensional 
simulation  and  the  semi-analytical  model  for  several  nor¬ 
mally  on  PBTs.  We  have  used  a  transistor  with  a  =  0.3  pm 
to  extract  reference  functions  for  gii„ear  ^nd  g^t,  as  it  is 


vds[v] 


VdstV] 


Fig.  5.  (  +  )  semi-analytical  model,  (solid  line)  two-dimensional  simulation. 

starts  at  0.0  V  in  figure  (a),  (b)  and  (c)  and  decreases  with  —  l.OV  for 
each  IV  curve.  In  (d)  V,,  starts  at  0.0  V  and  decreases  with  —2.0  V  for  each 
IV  curve.  The  transistor  dimensions  are  (a)  a  =  0.2  gm,  t  =  60  nm,  = 
0.9  gm.  (b)  a  =  0.25  gm,  t  =  60  nm,  =  0.9  gm.  (c)  a  —  0.35  gm,  t  =  60  nm, 
/ds  =  0.9  gm.  (d)  fl  =  0.4  gm,  t  =  60  nm,  =  0.9  gm. 


described  in  (12)  and  (13).  The  constant  Cj  in  (13)  was 
extracted  using  g^^  at  =  0  V  for  the  transistor  with 
a  —  0.35  pm.  k  in  equation  (10)  was  extracted  from  the  refer¬ 
ence  transistor  and  was  found  to  be  3.0.  Note  that  the  differ¬ 
ence  in  threshold  voltage  between  the  transistor  with 
a  —  0.4  pm  and  the  transistor  with  a  =  0.2  pm  is  almost 
15  V.  For  transistors  with  similar  threshold  voltage  the 
approximation  used  in  equation  (12)  and  (13)  should  work 
even  better. 


4.  Small  signal  model  of  the  PBT 

A  normally  on  PBT  can  be  regarded  as  a  vertical  MESFET. 
A  simple  small  signal  equivalent  circuit  of  the  PBT  can  be 
seen  in  Fig.  6.  We  have  focused  on  the  most  important  small 
signal  parameters  and  neglected  second  order  effects.  The 
largest  capacitance  in  the  transistor  is  the  depletion  capac¬ 
itance  at  the  gate.  The  total  charge  in  the  depletion  region 
can  be  modelled  as: 

Qlot  =  Qd  +  6s  +  6ch  =  (16) 


n/xV 

1  -  I  1  dx 

J'ha  r  /x\"~l^^" 

1  -  ( ]- )  dx 

0  L  \^a/  J 

=  a(hs  -b  M  +  hsK  £[1  -  (^T]"'”  dx' 


+  holla 


[1  -  (x")"]!/"  dx" 


=  a(hs  -b  /id)  +  hs  K  “s  +  ho  K  “d 
6tot  =  6d  +  6s  +  6ch 

=  Z[a(/iD  +  hs)  -b  as  hi  -b  ao  ho  hh 


(17) 

(18) 
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Fig.  6.  Small  signal  model  of  the  PBT. 


According  to  (17)  the  value  of  aj,  and  Xg  should  be  some¬ 
where  between  0.5  and  1.0  {n/4  for  n  =  2).  Numerical  values 
extracted  from  two-dimensional  simulation  gives  =  0.5 
and  as  =  0.5.  Using  (18)  we  can  write  the  total  capacitance 
as: 

r'  — 

~  8V 

^  '^gs 

=  Cd  +  Cs  -1-  C^h , 


where 


Cch  =  Zbq  as  +  “d  X) 


(19) 


Vo  -  V,, 


c„  = 


Fgd  =  constant 


=  Zeo  -I-  0is  +  y/n<^D  yi  +  7^ 

SQ 


Kgs  =  constant 


28„  e,(£  +  + 


^tot  ~  ^gd  "I"  ^g; 


(20) 


(21) 


If  Cd  and  Cs  is  large  in  comparison  with  Cj.^  we  can  regard 
Ceh  as  a  constant.  This  approximation  will  be  very  accurate 
for  large  Fq  -  Fg,  (Fig.  7). 

The  transconductance  in  saturation  can  be  expressed  as: 


9m,  sat 


^■^satO  I  ^9ch 

dV  8V 


ref  f  ^ref\ 

K  5Fg*  \a) 


(22) 


Fig.  7.  Comparison  between  A  extracted  from  two-dimensional  simulation 
and  the  analytical  model.  (Solid  line)  two-dimensional  simulation,  (O)  ana¬ 
lytical  model,  (-I-)  reduced  model  (C,,^  =  constant).  Transistor  dimensions 
are  a  =  0.3  pm,  t  =  60  nm,  =  0.9  pm. 


Using  (18)  and  (21)  we  can  write  the  unity  current  gain  fre¬ 
quency  /t  for  the  saturation  region  as: 


fr  — 


Gm.  sa 

2;rC., 


Vaa.'/ 


2;iija(^  +  ^  +  2y/^xs  +  s/n  do 


2nL 


eff 


(23) 


It  can  be  seen  in  (19),  (22)  and  (23)  that  for  high  speed  the 
doping  level  should  be  as  high  as  possible  and  the  gate 
biasing  should  be  chosen  to  minimize  the  depletion  regions. 
The  transconductance  will  increase  and  the  total  capac¬ 
itance  will  decrease  for  decreasing  grid  thickness  resulting  in 
a  higher  fj.  In  Fig.  7  we  have  used  expression  (19)  for  the 
capacitance  and  the  full  I-V  model  has  been  numerically  dif¬ 
ferentiated  in  order  to  have  for  both  linear  and  satura¬ 
tion  region. 

It  is  interesting  to  see  that  a  limiting  value  onfj  for  the 
drift-diffusion  model  can  be  estimated  as : 


lim  /t  - :  «  80  GHz, 

27rli^(2as-l- aoz) 

ao  =  as  =  0.5,  z  =  3,  ^  =  0.5 


(24) 


for  Nj  =  10*’cm“^.  In  (24)  the  variable  a  stands  for  the 
finger  width  and  not  for  grid  spacing.  In  this  limiting  case 
the  PBT  is  a  vertical  MESFET  with  extremely  short 
channel.  For  these  small  dimensions  hot  electron  effects  are 
expected  to  be  important,  which  makes  (24)  a  conservative 
estimation. 


5.  Conclusions 

A  one-dimensional  model  of  the  PBT  in  MESFET  oper¬ 
ation  has  been  presented  and  compared  with  two- 
dimensional  simulation.  The  comparison  shows  that 
two-dimensional  effects  has  to  be  considered  in  an  accurate 
I-V  model.  A  semi-analytical  model  including  two- 
dimensional  effects  has  been  presented.  The  model  consists 
of  a  set  of  parameters  that  can  be  extracted  from  two  refer- 
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ence  transistors.  The  model  shows  good  agreement  with 
two-dimensional  simulations.  We  have  chosen  to  compare 
the  model  with  two-dimensional  simulations,  even  though  it 
has  no  problem  to  fit  measured  data  as  well. 

An  analytical  expression  for  /j  has  been  proposed  which 
agrees  very  well  with  results  from  two-dimensional  simula¬ 
tions  and  explains  the  simulation  results  published  by 
Bozler  and  Alley  [2]  concerning  the  dependency  on 
device  geometry  and  voltage  biasing.  The  small  signal 
analysis  is  based  on  the  drift-diffusion  model  and  does  not 
include  any  hot  electron  effects.  For  small  devices  other 
transport  models  has  to  be  used.  However,  it  is  not  clear 
how  these  effects  will  influence  the  device  and  further 
research  in  low  level  modelling  is  needed  before  a  high  level 
model  can  be  found. 
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Abstract 

The  absorption  efficiency  of  thermal  infrared  detectors  of  various  designs  is 
theoretically  evaluated  and  compared,  with  an  emphasis  on  detectors  pos¬ 
sible  to  fabricate  by  surface  micromachining.  In  particular,  the  requirement 
of  low  thermal  mass  is  considered.  An  absorber  consisting  of  a  single 
resistive  metal  film  is  shown  to  give  a  maximum  of  50%  absorptance.  By 
backing  such  a  film  with  a  perfect  reflector  located  at  a  A/4  distance  from  it, 
nearly  100%  absorptance  can  be  attained  in  the  broad  wavelength  range 
of  8-12  pm.  The  simulations  show  that  by  adding  a  dielectric  layer 
(membrane)  onto  the  metal  film,  the  absorptance  remains  nearly  constant, 
provided  that  the  proper  values  of  n^,  d^,  R,  and  d^  are  chosen.  For  dj  = 
0.2  pm,  the  maximum  variation  in  d^  and  R,,  compatible  with  a  decrease  in 
mean  absorptance  from  100  to  95%,  is  30  and  40%,  respectively.  If  the 
dielectric  film  possesses  absorptive  behaviour  the  absorptance  of  the  detec¬ 
tor  may  still  become  large  for  previously  selected  structure  parameters. 


1.  Introduction 

Infrared  technology  has  been  rapidly  expanding  over  the 
past  two  years  with  great  emphasis  on  detector  arrays, 
including  large,  high  resolution  (>128  x  128  picture 
elements)  focal  plane  arrays  (FPA).  Recently,  arrays  based 
on  thermal  detectors  have  evolved  as  viable  candidates  for 
thermal  imaging  applications  [1].  The  operation  of  thermal 
detectors  depends  on  a  two-step  process.  The  absorption  of 
light  raises  the  temperature  of  the  device,  which  in  turn 
changes  some  temperature  dependent  parameter  such  as 
electrical  conductivity.  Thermal  detectors  may  be  thermopi¬ 
le  (Seebeck  effect),  resistive  or  dielectric  bolometer,  pyroelec¬ 
tric  or  Golay  cell  (thermopneumatic).  The  types  most 
suitable  for  detector  arrays  are  the  bolometer  and  the 
pyroelectric  types.  Characteristic  features  of  thermal  detec¬ 
tors  are  the  advantage  of  room  temperature  operation,  but 
unfortunately  combined  with  low  sensitivity  (signal  to  noise 
ratio)  and  slow  response.  For  FPAs,  however,  where  the 
modulation  bandwidth  is  low  and  the  ability  to  integrate  for 
a  frame  time,  implies  that  the  latter  drawbacks  become  less 
serious.  In  order  to  optimize  sensitivity  and  speed,  high 
absorptance  has  to  be  achieved  in  conjunction  with  a  low 
thermal  mass  (heat  capacity).  The  absorptance  A  is  defined 
as  the  ratio  of  the  absorbed  power  to  the  incident  optical 
power  of  the  detector.  A  commonly  used  measure  of  per¬ 
formance  for  the  signal  to  noise  ratio  of  an  IR  detector  is 
the  detectivity  D*,  which  can  be  expressed  as: 

cjy 

D*  =  AF—^^{a,Af)  (1) 


*  Industrial  Microelectronic  Center,  Stockholm,  Sweden. 


where  F  is  the  fill  factor  (the  ratio  of  the  optical  area  and 
total  area  of  the  picture  element),  S  the  transfer  function  of 
the  temperature  sensitive  material  or  structure  (V/K),  R,*  the 
thermal  resistance  (K/W),  Uf,  the  noise  voltage  spectral 
density,  the  detector  area,  and  A/  the  noise  bandwidth. 
Evidently,  the  largest  possible  absorptance  is  crucial  for 
obtaining  a  high  sensitivity  or  D*.  In  addition  the  thermal 
resistance  need  to  be  high.  Considering  the  speed  of  the 
detector,  its  time  constant  is  ultimately  limited  by  the 
thermal  time  constant  which  depends  on  the  thermal  mass 
C,fc  according  to 

—  ^th  Cth  (2) 

A  high  speed  detector  evidently  requires  a  low  thermal 
mass. 

Micromachining  is  suitable  for  fabrication  of  large 
thermal  detector  arrays  of  the  resistive  bolometer  type.  In 
particular,  surface  micromachining  [2],  which  involves  the 
processing  of  membrane  or  bridge  structures,  suspended 
clear  of  the  underlying  silicon  substrate  by  a  couple  of  legs 
(usually  two  or  four).  This  method  permits  read-out  elec¬ 
tronics  to  be  implemented  in  the  substrate  beneath  the 
membrane,  thus  making  possible  the  processing  of  arrays 
with  large  pixel  fill  factor.  In  addition,  since  these  mem¬ 
branes  can  be  made  thin  the  thermal  mass  may  be  low.  A 
high  thermal  resistance  can  be  obtained  by  making  the  sup¬ 
porting  legs  sufficiently  long  and  thin. 

Conventional  absorbers  suffer  from  either  a  high  thermal 
mass,  e.g.  porous  films  [3],  or  a  relatively  low  absorptance, 
e.g.  thin  resistive  metal  films  [4]. 

In  order  to  alleviate  these  drawbacks  we  here  discuss 
absorber  concepts  based  on  interferometric  structures.  A 
structure  of  this  type  utilizes  an  impedance  matched  metal 
film,  backed  with  a  perfect  reflector  at  a  A/4  optical  distance 
[5]  (A  will  henceforth  refer  to  the  wavelength  in  the 
medium).  Such  an  absorber  enables  high  absorptance  com¬ 
bined  with  a  low  thermal  mass,  and  will  henceforth  be 
referred  to  as  IS.  However,  to  be  exploited  in  a  bolometer, 
the  thermo-sensitive  material  has  to  be  electrically  isolated 
from  the  metal  by  a  dielectric  film,  which  modifies  the 
optical  properties  of  the  structure  (see  Fig.  1).  This  dielectric 
film,  or  membrane,  also  acts  as  a  mechanical  support  for  the 
thermo-sensitive  film  deposited  on  its  upper  surface,  and  the 
thin  metal  film  absorber  at  its  lower  one.  Such  a  modified 
absorber  (MoIS)  can  favourably  be  implemented  in  a 
bolometer. 

This  article  will  outline  necessary  considerations  when 
designing  interferometric  absorbers,  with  emphasis  on  the 
MoIS  type  absorbers. 
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Fig.  2.  A  single  resistive  metal  film  of  thickness  d  surrounded  by  vacuum. 
rif,  is  the  intrinsic  wave  impedance  of  vacuum. 


Fig.  I.  A  quarter  wavelength  structure  where  a  dielectric  film  has  been 
added  on  top  of  the  metal  film. 


2.  Theory 

To  look  for  explicit  expressions  for  the  absorptance  of 
multiple  films  is  cumbersome  due  to  the  tedious  manipula¬ 
tions  of  complex  numbers.  However,  by  using  either  (i)  the 
transfer  matrix  method  or  (ii)  the  impedance  transformation 
method,  such  calculations  are  considerably  simplified.  In 
addition,  both  are  suitable  for  numerical  simulations. 

The  transfer  matrix  method  distinguishes  between  reflec¬ 
tion  and  transmission  matrices.  By  using  boundary  condi¬ 
tions  obtained  from  Maxwell’s  equations  the  reflection 
matrix  can  be  derived  relating  the  incident  and  the  reflected 
waves  on  each  side  of  a  boundary  between  two  media.  The 
phase  shift  introduced  when  a  plane  wave  is  propagating 
through  a  medium  is  calculated  from  the  transmission 
matrix.  If  the  boundary  between  medium  1  and  2  is  charac¬ 
terised  by  its  reflection  coefficient  ri_2  and  transmission 
coefficient  Ti_2,  with  the  radiation  incident  from  medium  1, 
the  reflection  matrix  i?i-2  the  transmission  matrix  Tj 
become 


_2  — 


_L(  1  ^1-2 

^1-2  \ri-2  1 


exp(-;7cidi) 


^  V  0  expOTcidiV 

where  kj  and  d^  are  the  complex  propagation  constant  and 
film  thickness,  respectively,  of  medium  1. 

The  impedance  method  is  often  used  by  microwave  engi¬ 
neers  but  due  to  the  analogy  between  the  wave  character¬ 
istics  on  a  transmission  line  and  plane  waves  in  a  lossy 
medium  it  is  equally  applicable  to  this  kind  of  problem.  The 
total  wave  impedance  is  transferred  from  one  interface 
(impedance  =  Z2_ 3)  towards  another  (impedance  =  Zj_2) 
in  the  direction  of  the  source  of  radiation  (see  Fig.  2).  The 
medium  is  assumed  to  have  an  intrinsic  impedance  r]2  ■  One 
obtains 


•^1 -2W  —  ^2 


Z2-3  -ini  tan  jk^d) 
rii  -jZ2-3  tan  (/c2d) 


The  reflection  coefficient  at  the  interface  1  —  2  becomes 


ri_2  = 


■^1-2  *ii 
^1-2  +  'll 


This  technique  has  the  advantage  of  being  more  illustrative 
when  used  in  conjunction  with  the  Smith  chart. 

To  make  calculations  manageable  some  approximations 
are  needed.  The  radiation  is  throughout  considered  as  plane 
waves  propagating  perpendicularly  to  the  plane  of  films,  i.e. 
transverse  electromagnetic  waves  (TEM).  The  dielectric 
films  are  considered  loss  free,  if  not  otherwise  stated.  In  the 
far  IR  range  (wavelength  8-12  pm)  the  propagation  constant 
of  a  metal  can  be  approximated  as 


Co  Co  ^0 


(1  +;•) 


where  a  is  the  electrical  conductivity,  Sq  the  permittivity  of 
free  space  and  Co  and  Aq  the  speed  of  light  and  the  wave¬ 
length,  respectively,  both  in  vacuum. 

As  an  example  of  the  impedance  method,  the  absorptance 
of  a  single  metal  film  can  be  deduced  from  the  expression  of 
the  total  wave  impedance  at  the  interface  1  —  2  (see  Fig.  2) 
which  has  been  tranferred  from  interface  2  —  3.  Since 

Z,.,  -  (7) 

V  «0 

where  r]Q  is  the  intrinsic  impedance  of  vacuum  ( = 377 12), 
and  po  the  magnetic  permeability  of  vacuum,  the  transferred 
total  wave  impedance  at  interface  1—2  can  be  found  from 
eq.  (4)  as 


-2(‘0  — 


rio  -rimer  tan  (kz  d) 

tan  (k2d) 


For  the  thin  metal  film  the  phase  change  k2  d  is  assumed  to 
be  small  and  thus 

tan  (k2  d)  «  k2  d.  (9) 

Using  eqs.  (8)  and  (9)  and  simplifying  one  ends  up  with 

(10) 

+  '/O 

where  is  the  sheet  resistivity  of  the  metal  film.  A  negligi¬ 
ble  change  of  phase  angle  across  the  film  [eq.  (9)]  implies 
constant  electric  and  magnetic  fields.  From  this  fact  and  the 
boundary  conditions  of  the  E-  and  //-field  one  obtains 

l-hri_2«Ti-3  (11) 

where  Ti_3  is  the  transmission  coefficient  through  the  film. 
From 


A  =  i-|ri 


-2P-IU-3P, 
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Fig.  3.  The  impedance  transformation  depicted  in  the  Smith  chart,  where 
the  normalized  total  wave  impedance  is  z  =  r  +  jx. 


the  absorptance  A  reaches  its  maximum  when  ri_2  = 
—0.5,  and  the  corresponding  sheet  resistivity  is  found  to  be. 


^l-2(^  ho 
+  >lo 


_0.5oR,  =  ^. 
'  2 


(13) 


Hence,  the  maximum  absorptance  achieved  by  a  single 
metal  film  is  only  50%,  obtained  when  =  188  fl  (half  the 
intrinsic  impedance  of  vacuum).  In  a  similar  way  it  can  be 
shown  that  for  the  IS  type  absorber  one  ends  up  with 
A  =  100%,  provided  that  R^  =  and  100%  efficiency  of  the 
reflector.  Evidently,  this  is  a  major  improvement  compared 
to  the  case  of  a  single  metal  film. 


3.  Numerical  simulation 

The  simulations  have  been  carried  out  in  order  to  find  out 
whether  the  high  absorptance  of  IS  can  be  maintained  even 
if  a  dielectric  layer  is  present,  as  depicted  in  Fig.  1. 


The  simulations  make  use  of  the  transfer  matrix  method 
at  a  wavelength  of  10  pm  if  not  otherwise  stated.  The 
refractive  index  of  the  dielectric  film  has  been  chosen  as 
n^  =  2  (which  is  close  to  the  refractive  index  of  silicon 
nitride). 

The  behaviour  is  illustrated  by  the  Smith  chart.  The 
impedance  in  the  diagram  has  been  normalized  with  respect 
to  rjg.  When  transferring  the  impedance  along  a-b-c-d  in 
Fig.  1  it  will  follow  the  dotted  line  (a-b-c-d)  in  Fig.  3.  When 
moving  across  the  dielectric  layer  the  reflection  coefficient 
will  follow  a  circular  loop  in  a  counter  clockwise  direction 
whose  radius  depends,  among  other  factors,  on  the  intrinsic 
impedance  of  the  dielectric  medium.  One  turn  around  the 
circle  corresponds  to  an  optical  thickness  of  the  layer  equal 
to  A/2.  Since  the  reflector  is  assumed  to  be  loss  free  the 
absorption  completely  takes  place  within  the  thin  metal 
film.  One  thus  obtains  for  the  absorptance  that 
y4  =  1  —  I F  p  which  implies  that  the  closer  origo  the  higher 
the  absorptance.  From  this  it  is  evident  that  a  100%  absorp¬ 
tance  can  be  attained  by  letting  the  thickness  of  the  dielec¬ 
tric  medium  be  A/2,  which  for  the  case  of  =  2  and 
A  =  10  pm  corresponds  to  =  2.5  pm.  This  extra  thermal 
mass  can  be  reduced  by  choosing  a  dielectric  medium  with  a 
higher  refractive  index,  but  if  the  wavelengths  of  interest  are 
8-12  pm  and  the  materials  of  the  type  normally  used  in  IC 
production,  the  added  thermal  mass  will  slow  down  the 
sensor  too  much. 

One  way  to  circumvent  the  problem  is  to  choose  a 
smaller  value  than  A/4  for  the  air  gap.  When  transferring  the 
impedance  in  the  same  way  along  a-b-c-d  with  a  smaller  air 
gap,  the  dashed  line  (a'-b'-c'-d')  in  Fig.  3  will  be  followed. 
When  entering  the  dielectric  medium,  instead  of  moving 
away  from  origo  the  reflection  coefficient  will  move  towards 
origo.  With  the  correct  relation  between  n^,  d^,  Rj  and  d^  a 
100%  absorptance  is  achieved.  When  two  of  these  four 
parameters  are  known,  the  other  two  follows,  i.e.  the 
number  of  degrees  of  freedom  =  2  under  these  assumptions. 
The  calculated  example  assumes  an  air  gap  of  A/5,  a  sheet 
resistivity  of  366  Q  and  a  dielectric  film  thickness  of  170nm. 
This  thickness  corresponds  to  an  acceptable  value  of  the 
total  thermal  mass. 

The  freedom  experienced  when  choosing  thicknesses  is 
valuable  since  other  aspects  have  to  be  considered  when 


Fig.  4.  Contours  of  95%  mean  absorptance  for  four  different  values  of  the  thickness  of  the  dielectric  film  d^.  Detector  structure:  see  Fig.  1. 
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fabricating  the  absorber.  The  residual  tensions  left  in  the 
dielectric  film  after  deposition  may  result  in  a  deflection  of 
the  membranes,  leading  to  the  air  gaps  d^  of  the  individual 
pixels  of  the  array  being  difficult  to  reproduce.  In  addition, 
in  order  to  control  the  tensions  it  is  desirable  to  have  a 
freedom  in  the  choice  of  the  membrane  thickness. 

The  sensitivity  of  the  absorptance  to  changes  in  the 
parameters  d^,  and  d^  is  shown  in  Fig.  4  where  the 
contour  of  95%  absorptance  is  depicted  for  four  different 
values  of  d^.  In  this  calculation  the  absorptance  A„  is  a 
weighted  mean  value  over  the  range  8-12  pm  according  to, 

I  A{X)WiX)dl 

=  - .  (14) 

J  W{X)  dX 

where  W{X)  is  the  emitted  energy  per  unit  wavelength  from  a 
blackbody.  These  results  make  evident  the  insensitivity  to 
variations  in  the  parameters  even  when  a  dielectric  film  is 
present.  From  Fig.  4  it  is  found  that  for  d^  =  0.2  pm,  the 
maximum  variation  in  and  R^,  compatible  with  a 
decrease  in  mean  absorptance  from  100  to  95%,  is  30  and 
40%,  respectively.  This  is  valuable  in  view  of  the  fact  that  a 
spread  in  the  air  gap  dj  is  expected.  The  spectral  absorp¬ 
tance  is  shown  in  Fig.  5  for  the  case  of  =  0  and  0.2  pm, 
respectively,  with  R^  and  d^  selected  at  optimum  mean 
absorptance.  It  is  noteworthy  that  the  absorptance  in  the 
8-12  pm  wavelength  region  is  nearly  constant. 

If  the  dielectric  film  possesses  absorptive  behaviour  the 
absorptance  may  still  become  large  for  properly  selected 
structures.  For  example,  the  larger  the  absorption  in  the 
dielectric  film  the  larger  is  R,.  The  latter  fact  is  compatible 
with  a  smaller  absorption  in  the  metal,  thus  keeping  the 
total  absorption  nearly  constant.  Difficulties  are  encoun¬ 
tered  when  the  absorption  in  the  dielectric  film  is  strongly 
wavelength  dependent.  In  this  case  the  broadband  behav¬ 
iour  of  the  absorption  cannot  in  general  be  maintained. 


4.  Summary 

The  absorption  efficiency  of  thermal  infrared  detectors  of 
various  designs  is  theoretically  evaluated  and  compared.  In 
particular,  the  requirement  of  low  thermal  mass  is  con¬ 
sidered.  An  absorber  consisting  of  a  single  resistive  metal 


Fig.  5.  The  spectral  absorptance  vs.  wavelength  for  a  detector  structure  of 
the  interferometric  type.  The  full  curve  refers  to  the  case  of  no  dielectric 
layer,  whereas  the  dashed  curve  assumes  a  thickness  of  the  dielectric  layer 
equal  to  0.2  pm.  Optimum  values  of  sheet  resistance  and  air  gap  distance 
are  chosen. 


film  is  shown  to  reach  a  maximum  of  50%  absorptance.  By 
backing  such  a  film  with  a  perfect  reflector  located  at  a  2/4 
distance  from  it,  100%  absorptance  can  be  attained  in  the 
broad  wavelength  range  of  8-12  pm.  The  simulations  show 
that  by  adding  a  dielectric  layer  (membrane)  onto  the  metal 
film,  the  absorptance  remains  nearly  constant,  provided  that 
the  proper  values  of  n^,  d^,  R^  and  d^  are  chosen.  For  d^  = 
0.2  pm,  the  maximum  variation  in  d^  and  R^,  compatible 
with  a  decrease  in  mean  absorptance  from  100  to  95%,  is  30 
and  40%,  respectively.  If  the  dielectric  film  possesses  absorp¬ 
tive  behaviour  the  absorptance  of  the  detector  may  still 
become  large  for  properly  selected  structure  parameters. 
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Abstract 

Schottky  diodes  on  Silicon  Carbide  (SiC)  are  of  interest  for  many  applica¬ 
tions  because  of  the  relatively  simple  fabrication  process  compared  to  pn 
diodes.  In  this  work  we  have  fabricated  Schottky  diodes  by  evaporation  of 
Ti  on  n-type  an  p-type  6H-SiC.  Most  of  the  diodes  show  good  rectifying 
behaviour  with  very  low  reverse  current  and  an  ideality  factor  below  1.20. 
The  photo  response  of  the  diodes  has  been  measured  in  the  range  200- 
400  nm.  The  peak  sensitivity  varies  in  the  range  250-300  nm  depending 
mainly  on  substrate  doping. 

1.  Introduction 

Silicon  Carbide  is  considered  as  a  promising  material  for 
high  power  and  high  frequency  applications  because  of  its 
wide  bandgap  (£g  =  2.9  eV  for  6H-SiC),  high  saturation 
velocity  for  electrons  and  high  thermal  conductivity.  A 
review  of  the  properties  of  the  material  can  be  found  in 
[1.2]. 

The  wide  bandgap  also  makes  the  material  interesting  for 
measuring  UV-radiation.  Photodiodes  made  on  6H-SiC  are 
only  sensitive  to  radiation  at  wavelengths  below  400  nm,  the 
wavelength  where  the  photon  energy  corresponds  to  the 
bandgap  energy.  Their  advantage  as  compared  to  Silicon 
photo  diodes  is  that  they  can  be  used  to  measure  the  UV- 
radiation  in  visible  light  without  extra  filtering. 

The  absorption  coefficient  for  light  in  SiC  is  strongly 
wavelength  dependent  varying  from  about  10^  to  10® cm"* 
when  going  from  400  nm  to  200  nm.  In  order  to  make  effi¬ 
cient  photo  diodes  for  short  wavelengths  the  window  of  the 
diode  must  be  very  thin.  The  other  important  property  is 
that  the  leakage  current  must  be  kept  low. 

Photodiodes  with  pn-junctions  have  already  been  fabri¬ 
cated  by  ion  implantation  [3,  4].  High  quality  photo  diodes 
fabricated  by  mesa  etching  of  epitaxial  layers  were  presented 
in  [5].  Schottky  photo  diodes  on  n-type  6H-SiC,  fabricated 
by  our  group,  were  presented  in  [6]. 

Many  metals  form  diodes  with  high  Schottky  barriers 
when  deposited  on  silicon  carbide.  A  number  of  reports  on 
diodes  made  from  Pt  and  Ti  [7],  Co  [8]  and  other  metals 
on  n-type  SiC  exist  in  the  literature.  However  very  few 
studies  of  Schottky  barriers  on  p-type  SiC  have  been  pre¬ 
sented.  One  exception  is  [9].  The  advantage  in  using  a 
Schottky  diode  as  a  photodiode  is  the  simple  fabrication 
process  and  that  no  absorbing  window  exists,  since  the  light 
enters  through  finger  shaped  openings  in  the  metal.  The  dis¬ 
advantage  is  of  course  that  one  part  of  the  diode  area  is 
shielded  from  light  by  the  metal. 


In  a  previous  project  [6]  we  fabricated  finger  shaped 
Schottky  diodes  by  evaporating  Ti  on  a  n-type  6H-SiC 
wafer.  In  this  study  diodes  on  substrates  with  different 
n-type  and  p-type  doping  levels  have  been  investigated. 

The  following  diodes  have  been  fabricated : 

Nl.  n-type  6H-SiC  with  no  visible  defects.  Vp » 
7  ♦  10*®cm"^,  thickness  of  epitaxial  layer  is  1,6  pm. 

N2.  n-type  6H-SiC.  This  sample  was  used  in  [5]  and  is 
included  here  for  comparision.  JVu  »  2  ♦  10*®cm"^,  thick¬ 
ness  of  the  epitaxial  layer  is  about  10  pm. 

N3.  n-type  6H-SiC  with  very  high  doping.  Vd  a 
2  *  10*®  cm"®,  thickness  of  epitaxial  layer  is  about  5  pm. 

N4.  n-type  6H-SiC  with  high  density  of  pinholes.  Vp  w 
1  *  10*^  cm"®,  thickness  of  epitaxial  layer  is  about  5  pm. 

PI.  p-type  6H-SiC.  Nf, »  1  ♦  10*’ cm"®,  thickness  of  epi¬ 
taxial  layer  is  about  10  pm. 

2.  Processing 

The  starting  material  was  6H-SiC  wafers  with  an  epitaxial 
layer.  The  doping  of  the  bulk  wafers  and  the  epitaxial  layers 
are  specified  in  Table  I.  The  wafers  were  fabricated  by  Cree 
Research  Inc.  Prior  to  processing  the  wafers  were  degreased 
by  subsequent  dipping  in  trichloroethylene,  acetone  and  2- 
propanol  and  finally  dipped  in  HF.  A  pattern  with  a 
number  of  finger  shaped  openings  was  formed  on  the  wafer. 
The  finger  widths  were  in  the  range  1-2  pm.  Four  different 
diode  areas  were  used:  100  x  100pm,  75  x  75pm, 

50  X  50  pm  and  25  x  25  pm.  A  SEM-micro  graph  of  a  part 
of  the  pattern  is  shown  in  Fig.  1.  The  left  part  of  the  metal 
area  is  used  for  probing.  The  total  size  of  the  metal  area  in 


-  Fig.  1.  SEM  micrograph  showing  the  finger  area  of  one  photodiode.  To 

*  Also:  Mid-Sweden  University,  Dept,  of  Electronics,  S-851  70  Sundsvall,  the  left  of  the  fingers  is  a  metal  area  for  probing.  The  area  of  the  finger 
Sweden.  opening  for  this  diode  is  50  x  50  pm  and  the  finger  width  is  1.2  pm. 
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Light 


Fig.  2.  Cross  section  of  a  photodiode.  Thickness  and  doping  of  the  epi¬ 
taxial  layer  is  specified  in  table  1  for  each  sample.  The  depletion  region  is 
indicated  by  the  dotted  line  in  the  figure.  Photons  absorbed  in  the  deple¬ 
tion  region  or  within  one  diffusion  length  from  the  depletion  region  con¬ 
tribute  to  the  photocurrent. 


one  diode  is  120  x  220  ftm.  Each  diode  is  surrounded  by  an 
opening  with  a  width  of  10  pm.  A  cross  section  of  one  part 
of  a  diode  is  shown  in  Fig.  2. 

Titanium  was  evaporated  on  the  wafers  using  an  electron 
gun  evaporator  with  a  residual  pressure  in  the  range  of 
10“®Torr.  The  resulting  layer  thickness  was  2000  A.  A  stan¬ 
dard  lift-off  procedure  was  used  to  remove  excess  metal.  A 
back  contact  was  made  by  evaporation  of  5000  A  of  A1  on 
the  back  side  of  the  wafer.  After  metallisation  the  samples 
were  annealed  in  a  furnace  at  515  °C  for  30  minutes.  No 
additional  surface  passivation  was  done. 


3.  Electrical  characterisation 

After  processing  the  diodes  were  characterised  electrically 
by  IV  and  CV  measurements.  A  probe  tip  was  placed  on  the 
metal  area  on  the  left  side  of  the  opening  in  the  diode.  The 
back  side  of  the  wafer  was  used  as  the  second  electrode. 

CF-measurements  were  performed  using  a  HP4279A 
CV-meter  at  a  frequency  of  1  MHz  and  varying  the  bias 
voltage  from  0  to  —  lOV.  Figure  3  shows  the  results  from 
the  CV-measurements  of  all  diodes.  The  doping  concentra¬ 
tion  in  the  epitaxial  layer  and  the  Schottky  barrier  heights 
for  the  different  samples  are  presented  in  Table  I. 

/K-characteristics  were  measured  in  a  computerised  mea¬ 
surement  system  using  HP3245A  Universal  Source  and 
HP3458A  Multimeter. 

Forward  current  as  a  function  of  forward  voltage  for 
diodes  on  all  the  different  SiC  substrates  are  plotted  in  Fig. 

4.  Most  of  the  diodes  show  good  rectifying  behaviour  with 


Table  I.  Measured  characteristics  for  the  diodes  on  different 
SiC  material.  Doping  is  calculated  from  CV-measurements 
Barrier  heights  are  calculated  from  both  CV  and  IV  measure¬ 
ments.  Ideality  factor  {N)  is  calculated  from  IV -measurements 
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N2 
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N3 
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1.23 

0.5  mA 

N4 
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0.94 

0.84 

1.17 

18  pA 

PI 

1.6  *  lO*"* 

2.43 

1.94 

1.03 

<lpA 

an  ideality  factor  generally  below  1.20  and  with  low  reverse 
leakage  currents.  The  diodes  on  sample  N3  also  show  good 
rectifying  behaviour  despite  the  very  high  doping  in  the 
semiconductor.  However  in  this  case  the  ideality  factor  and 
the  reverse  leakage  current  are  higher  than  for  the  other 
diodes. 

For  diodes  on  the  p-type  material  the  reverse  leakage 
current  at  —  lOV  was  below  IpA  and  for  a  reverse  voltage 
of  up  to  —70  V  the  leakage  current  remained  below  500  pA. 
For  the  diodes  on  the  n-type  substrates  the  reverse  current 
was  below  1  nA  at  — 10  V  except  for  diodes  on  the  material 
with  the  highest  doping  and  the  material  with  a  high  density 
of  defects. 


4.  Optical  characterisation 

Optical  measurements  were  made  using  an  ORIEL  1/8  m 
single  monochromator  equipped  with  an  UV-enhanced 
150W  Xenon  arc  lamp.  Relative  responsitivity  was  mea¬ 
sured  from  400  to  200  nm  in  steps  of  lOnm  with  a  spectral 
bandwidth  of  10  nm.  The  total  beam  area  during  this  mea¬ 
surement  was  3x3  mm  and  the  intensity  of  the  light  varied 
from  1  mW  at  400  nm  down  to  12  pW  at  200  nm.  The  photo 
response  for  diodes  with  an  area  of  100  x  100  pm  and  a 
finger  width  of  2  pm,  measured  at  0  V,  is  presented  in  Fig.  5. 
The  response  is  measured  as  a  relative  response.  As  expected 
the  sensitivity  varies  strongly  with  doping  giving  the  lowest 
response  for  sample  N3.  The  low  response  for  N1  can  be 
explained  by  the  fact  that  the  epitaxial  layer  in  this  wafer  is 
very  thin  reducing  the  active  depth.  The  response  for  the 
p-type  sample  is  higher  than  for  the  corresponding  n-type 
samples.  The  reason  for  this  is  that  the  diffusion  length  for 
electrons,  which  generate  the  photocurrent  in  the  p-type 
sample,  is  larger  than  for  holes  and  that  the  built  in  voltage 
in  the  p-type  diode  is  much  higher  than  in  the  n-type  diode. 
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Fig.  4.  /K-characteristics  for  all  diodes. 
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Fig.  5.  Spectral  sensitivity  of  the  diodes.  The  diode  on  p-type  material  has 
the  highest  sensitivity  and  the  diode  on  high  doped  n-type  has  the  lowest 
sensitivity. 


In  Fig.  6  the  response  curves  have  been  scaled  to  a  peak 
response  for  each  diode  of  100.  Thus  the  relative  response 
for  the  different  diodes  can  be  compared.  N2  has  its  peak 
sensitivity  at  250  nm  and  shows  very  low  sensitivity  at 
longer  wavelengths.  This  is  also  the  sample  where  the  short¬ 
est  diffusion  length  could  be  expected.  Sample  N1  also 
shows  a  somewhat  lower  response  at  long  wavelengths.  In 
this  case  it  can  be  explained  by  the  shallow  epitaxial  layer. 


5.  Simulations  and  discussion 

In  order  to  investigate  the  theoretical  sensitivity  one 
segment  of  two  different  diodes,  one  on  n-type  and  one  on 
p-type  material,  was  simulated  using  the  program  MEDICI. 
The  simulated  diode  had  a  metal  finger  width  of  1  pm  and 
an  opening  between  the  fingers  of  5  pm.  The  doping  concen- 
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Fig.  6.  Relative  spectral  sensitivity  for  all  diodes.  The  highest  measured 
response  for  each  diode  is  taken  as  the  value  100  for  that  diode.  Peak 
sensitivity  can  be  observed  from  this  figure. 


Table  II.  Simulated  quantum  efficiency  for  a  n-type  and  a 
p-type  diode.  The  table  also  includes  the  ratio  of  the  response 
for  the  p-type  diode  versus  the  response  for  the  n-type  diode 
and  the  measured  ratio  for  two  of  our  diodes.  The  measured 
diodes  have  significantly  higher  doping  than  the  simulated 
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300  nm 
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N-type 

0.8% 

13.9% 

1.8% 

P-type 

5.8% 

63.6% 

4.6% 

P/N-sim 

7.0 

4.4 
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P/N-meas 

2.6 

2.5 

1.2 

tration  was  chosen  to  be  iV  =  1  *  lO^'^cm"^  for  both  diodes 
and  the  carrier  lifetime  was  set  to  100  ns.  These  parameters 
were  taken  according  to  the  previous  simulations  in  [6]. 
The  radiation  is  perpendicular  to  the  surface  of  the  semicon¬ 
ductor  and  the  metal  is  considered  opaque  to  the  radiation. 
All  generation  of  photocarriers  then  takes  place  in  the  semi¬ 
conductor  below  the  opening  in  the  metal.  The  intensity  of 
the  radiation  in  this  simulation  was  in  the  range  of 
10^*photons/cm^/s.  The  surface  recombination  velocity 
vas  set  to  1  ♦  lO’^cm/s.  Simulation  was  done  for  the  wave¬ 
lengths  390,  300  and  220  nm.  Short  circuit  currents  were  cal¬ 
culated.  The  absorption  data  used  in  our  simulations  were 
taken  from  [10], 

The  results  from  the  simulations  are  presented  in  Table  II. 
Results  are  presented  as  percent  of  incoming  radiation  con¬ 
tributing  to  the  photocurrent.  Reflection  at  the  semicon¬ 
ductor  surface  is  neglected.  Due  to  the  fact  that  one  part  of 
the  semiconductor  is  shielded  by  the  metal  the  maximum 
theoretical  photoresponse  is  83%. 

The  p-type  material  shows  a  much  higher  photoresponse 
than  the  n-type  material.  This  can  be  explained  by  two 
effects.  First,  the  built  in  voltage  in  the  p-type  material  is 
much  higher  (about  a  factor  of  two)  than  the  built  in  voltage 
in  the  n-type  material.  Second,  the  diffusion  length  for  elec¬ 
trons  is  much  larger  than  the  diffusion  length  for  holes 
giving  a  larger  contribution  from  diffusion  in  the  p-type 
material.  This  effeet  also  explains  why  the  difference  in 
photocurrent  is  larger  at  long  wavelengths  where  a  large 
number  of  photons  are  absorbed  deep  down  in  the  semicon¬ 
ductor.  The  reason  for  the  low  response  at  short  wave¬ 
lengths  is  the  surface  recombination. 

If  we  compare  the  measurement  results  from  a  p-type 
diode,  PI,  with  the  result  for  a  n-type  diode  with  similar 
doping,  N4,  the  we  can  see  a  similar  effect  even  if  it  is  less 
pronounced.  The  higher  doping  in  these  diodes  will  reduce 
the  diffusion  length. 


6.  Conclusions 

Schottky  diodes  on  6H-SiC  can  be  used  as  efficient  photo 
detectors.  The  sensitivity  of  the  diodes  depends  on  doping 
concentration,  p-type  material  gives  higher  short  circuit  cur¬ 
rents  due  to  larger  built  in  voltages  and  larger  diffusion 
lengths.  Schottky  diodes  on  6H-SiC  can  be  fabricated  on 
substrates  with  as  high  doping  as  2  *  10^®  cm” ^  and  still  be 
used  at  reverse  voltages  of  up  to  10  V. 
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Abstract 

We  report  the  fabrication  and  characterization  of  large  area  (1x1  cm^) 
^^o.84^^o.i6^®o.68^o.32  (^g  “  l-50eV)  and  Gao.siInQ  49P  (£g  =  1,88  eV) 
solar  cells.  The  cell  structures  were  grown  by  gas-source  MBE  on  2"  (100) 
GaAs  substrates.  For  the  GalnAsP  material,  both  n-on-p  and  p-on-n  struc¬ 
tures  having  wide-gap  Ga,,  jilno  49P  window  were  studied.  The  GalnAsP 
n-on-p  cells  showed  significantly  better  active  area  conversion  efficiencies 
(17.8%  at  AMO,  1-sun  illumination)  than  p-on-n  structures  (13.0%,  same 
conditions)  mostly  due  to  lower  sheet  resistance  of  the  n-type  GalnAsP 
emitter  layers.  For  GalnP  cells  the  best  conversion  efficiency  of  11.0%  was 
achieved  for  windowless  shallow  homojunction  n-on-p  structure.  Since  only 
single  layer  of  SiN„  was  utilized  as  an  antireflection  coating  for  all  the  cells, 
we  believe  that  the  application  of  an  optimized  two-layer  antireflection 
coatings  could  increase  the  efficiencies  up  to  19%  and  14%  for  GalnAsP 
and  GalnP  solar  cells,  correspondingly.  The  excellent  uniformity  in  all  the 
cell  parameters  across  the  2"  wafers  indicates  that  larger  area  solar  cells  (up 
to  lOcm^)  can  be  fabricated. 


1.  Introduction 

Phosphorus  containing  III-V  semiconductors,  such  as  InP 
[1],  GalnP  [2]  and  GalnAsP  [3],  have  shown  excellent  sta¬ 
bility  of  their  material  parameters  when  irradiated  by  high- 
energy  particles  and  therefore  they  are  considered  as  good 
candidates  for  space  solar  cell  materials.  In  comparison  to 
InP,  GalnAsP  and  GalnP  materials  have  the  advantage 
that  they  can  be  grown  lattice-matched  on  GaAs  or  Ge  sub¬ 
strates.  These  substrate  materials  have  better  mechanical 
strength  and  they  can  be  made  thinner  and  therefore  lighter 
than  InP  substrates. 

Ga^Ini_,jASj,Pi_j,  material  has  wide  opportunities  to  vary 
the  band-gap  and  lattice  constant.  Quaternary  material  with 
the  composition  of  x  =  0.84  and  y  =  0.68  has  nearly 
optimum  energy  band  gap  (1.5  eV)  for  conversion  of  AMO 
sunlight  illumination  [4].  It  can  also  be  used  for  making 
monolithic  tandem  solar  cell  structures,  because  it  is  both 
current-matched  and  lattice-matched  to  Ge  [3].  Such  a 
tandem  structure  is  expected  to  have  efficiency  around  30% 
[3,4]. 

Lattice  matched  Gao.51Ino.49P  having  a  band-gap  of 
1.9  eV  can  be  used  as  a  top  cell  in  a  monolitic  tandem  solar 
cell  structure  with  bottom  cell  made  of  GaAs,  because  these 
cells  can  be  adjusted  to  be  current-matched  under  AMO  illu¬ 
mination.  Such  tandem  structure  has  already  been  reported 
with  efficiency  over  27%  at  AM  1.5  [5]. 

In  this  paper  we  report  the  fabrication  and  character¬ 
ization  of  large  area  (1  x  Icm^)  Gao.84Ino.i6Aso.68Po.32 
and  Gao.51Ino.49P  solar  cells  on  GaAs  substrates  with  the 


peak  efficiency  of  17.8%  for  GalnAsP  cells  (AMO,  one  sun, 
active  area)  and  11.0%  for  GalnP  cells  (same  illumination). 
The  uniformity  of  the  average  efficiency  of  the  cells  across 
the  whole  2"  wafer  points  out  that  larger  area  solar  cells  can 
be  manufactured.  The  possibilities  for  further  cell  efficiency 
improvement  are  discussed. 


2.  Experimental 

A  schematic  of  the  solar  cell  structures  on  GaAs  substrates 
is  shown  in  Fig.  1.  The  structures  have  much  in  common; 
the  main  difference  is  that  the  Gao.84Ino.i6Aso.68Po.32  ceU 
[Fig.  1(a)]  has  a  thin  window  on  the  top  and  a  back  surface 
field  (BSF)  layer  both  made  of  wide-gap  Gao.s1Ino.49P.  The 
lattice-matched  GalnP  window  is  known  to  improve  spec¬ 
tral  response  in  blue  region  for  both  GaAs  [6]  and 
GalnAsP  cells.  The  Gao.51Ino.49  structure  [Fig.  1(b)],  on 
the  contrary,  has  a  shallow  p-n  junction  without  any 
window  layer  and  the  back  field  barrier  is  formed  by  a 
heavily  doped  GalnP  BSF  layer.  Although  the  AllnP  wide- 
gap  window  and  BSF  layers  have  been  recently  reported  for 
GalnP  cells  [7,  8],  poor  quality  AlInP/GalnP  interface  can 
hinder  the  improvement  of  such  cells  [7].  Therefore  the 
shallow  homojunction  structure  for  the  GalnP  cell  was 
chosen. 

The  solar  cell  structures  were  grown  by  gas-source  molec¬ 
ular  beam  epitaxy  (GSMBE)  using  the  dual  reactor  chamber 
V80H  machine  built  by  VG  Semicon.  The  diffusion  pumped 
GSMBE  chamber  is  equipped  with  a  high  pressure  cracking 
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Fig.  I.  The  GalnAsP  (a)  and  GalnP  (b)  solar  cell  structures.  Similar  struc¬ 
ture  as  (a)  was  utilized  for  p-on-n  GalnAsP  solar  cells. 
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cell  (at  950  °C)  for  thermal  decomposing  of  the  group  V 
hydrides,  AsHj  and  PHj ,  used  as  group  V  source  materials. 
Solid  source  effusion  cells  are  used  to  generate  the  group  III 
and  dopant  material  beams.  There  are  two  effusion  cells  for 
indium,  one  for  gallium  and  one  for  both  of  the  dopant 
sources,  silicon  and  beryllium.  In  and  Ga  fluxes  were  mea¬ 
sured  with  a  calibrated  ion  gauge  moved  to  the  substrate 
position  for  the  measurement.  The  structures  were  grown  on 
2-inch  GaAs{(X)l)  wafers  attached  to  the  substrate  holder 
without  using  indium  solder.  The  “epi-ready”  GaAs  wafers 
were  loaded  in  vacuum  without  any  wet-chemical  pretreat¬ 
ment.  A  pre-growth  heat  treatment  was  performed  in  the 
vacuum  chamber  at  a  substrate  temperature  of  600-610  °C 
under  arsenic  pressure.  A  narrow-band  infrared  pyrometer 
was  used  to  measure  the  substrate  temperature,  which  was 
between  500  and  510  °C  during  the  growth  of  GalnAsP  and 
GalnP  layers  and  about  600  °C  for  GaAs  layers.  The 
growth  rates  were  about  1.4,  1.7  and  2.8|im/h  for  GaAs, 
GalnAsP  and  GalnP,  respectively.  Rotation  was  performed 
for  the  samples  during  growth  in  order  to  obtain  a  homoge¬ 
neous  distribution  of  group  III  materials  over  the  entire 
sample  area. 

The  lattice  matching  was  checked  by  measuring  X-ray  dif¬ 
fraction  rocking  curves  (Fig.  2).  The  curves  reveal  reason¬ 
ably  good  crystalline  quality  for  both  GalnAsP  and  GalnP 
structures.  A  small  compressive  strain  of  approximately 
0.02%  at  room  temperature,  providing  the  lattice  matching 
at  growth  temperature,  was  considered  as  an  optimum.  The 
band-gap  energy  of  the  quaternary  material  was  evaluated 
by  measuring  room-temperature  photoluminescence  (PL) 
spectrum  of  a  single  GalnAsP  and  GalnP  test  layers  grown 
prior  to  the  actual  structures  at  the  same  growth  conditions. 

Contacts  to  n-type  GaAs  were  made  by  sequential  evapo¬ 
ration  of  Ni/Au/Ge/Au  metal  composition.  The  contact  was 
annealed  at  400°C  for  1  minute.  For  p-type  contacts,  Ti/Pt/ 
Au  layers  were  evaporated.  After  evaporating  and  annealing 
both  contacts  were  electroplated  with  gold  up  to  the  thick¬ 
ness  of  approximately  2  pm.  The  front  contact  grid  was 
defined  by  photolithography  with  an  obscuration  of  20%  of 
the  total  cell  area.  The  GaAs  contact  layer  was  removed 
from  between  the  metal  grid  lines  by  selective  etching  the 
GaAs  over  the  GalnP  layer  with  phosphoric 
acid  :  hydrogen  peroxide  :  water  (1:1:25)  solution.  The  cell 
perimeter  was  also  defined  by  photolithography  and  by 
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Fig.  2.  X-ray  diffraction  rocking  curves  for  GalnAsP  (a)  and  GalnP  (b) 
solar  cell  structures. 


mesa  etching  the  GalnP  layer  with  hydrochloric 
acid  :  phosphoric  acid  (1 : 1)  solution,  and  for  the  quaternary 
structure  the  GalnAsP  material  with  sulphuric 
acid  :peroxide:  water  (1:1:1)  solution.  A  single  layer  of 
SiNj  with  a  thickness  of  60  nm  was  applied  to  the  front 
surface  of  the  device  to  form  the  antireflection  coating  and 
to  protect  mesa  edges.  The  total  area  of  the  device  is  1  cm^. 
Four  1x1  cm^  solar  cells  were  normally  fabricated  out  of 
one  2"  wafer,  along  with  a  number  of  smaller  cells. 

The  power  conversion  efficiencies  of  the  solar  cells  were 
measured  under  approximate  AMO  illumination.  Some  of 
the  data  obtained  were  also  confirmed  at  EEV  Ltd.  using  an 
AMO  simulator.  Since  the  cells  have  relatively  large  front 
grid  coverage,  all  the  experimental  data  on  spectral 
responses  and  power  conversion  efficiencies  were  corrected 
according  to  grid  loss  and  refer  hereafter  to  the  active  area 
of  the  devices. 

3.  Results  and  discussion 

Figure  3  represents  the  data  on  spectral  response  for  both 
GalnAsP  and  GalnP  cells.  As  it  can  be  seen,  the  GalnP 
shallow  homojunction  cell  [Fig.  3(a)]  has  reasonably  good 
response  in  the  blue  region,  due  to  low  absorption  of  light  in 
the  thin  emitter  layer.  For  the  GalnAsP  cells  it  was 
observed  that  n-on-p  structure  [Fig.  3(b)]  has  better 
quantum  efficiency  than  the  p-on-n  one  for  all  wavelengths. 
The  main  reason  for  the  lower  response  of  the  p-on-n  struc¬ 
ture  is  the  high  sheet  resistance  of  the  p-type  GalnAsP 
emitter  layer.  It  was  proved  by  direct  measurement  of  the 
sheet  resistance  of  both  layers  using  the  conventional  tran¬ 
sient  line  method.  For  the  n-type  GalnAsP  emitter  layer  the 
specific  resistance  appeared  to  be  3  x  lO'^flcm,  while  for 
the  p-type  it  was  0.1  £2  m.  Using  the  known  doping  levels  for 
both  layers,  we  are  able  to  derive  an  estimation  for  the  free 
carrier  mobilities  in  these  materials.  For  n-type  electrons  it 
is  around  1200cm^/V  sec,  and  for  p-type  holes  it  was  only 
40cm^/Vsec.  These  values  are  in  a  good  agreement  with 
Hall  mobilities  of  the  single  GalnAsP  epitaxial  layers  grown 
by  GSMBE.  Therefore  p-type  GalnAsP  appears  to  be  inap¬ 
propriate  material  for  thin  emitter  layers.  The  problem  of 
the  emitter  sheet  resistance  cannot  also  be  solved  by  making 
the  emitter  layer  thicker,  because  both  experiment  and  cal- 


Fig.  3.  Quantum  efficiencies  (QEs)  of  the  solar  cells;  a  -  external  QE  of  the 
GalnP  cell;  b  -  external  QE  of  the  GalnAsP  cell,  c  -  internal  QE  for  the 
GalnAsP  cell. 


Physica  Scripta  T54 


174  K.  Smekalin,  K.  Tappura  and  J.  Lammasniemi 


culation  show  that  thicker  emitter  layers  will  result  in  addi¬ 
tional  decrease  in  the  cell  efficiency. 

Gradual  decrease  in  quantum  efficiency  that  appears  on 
the  long-wavelength  side  QE  spectrum  of  the  GalnAsP  cell 
[Fig.  3(b)]  is  due  to  the  reflection  from  the  surface  of  the 
structure.  The  thickness  of  the  single  layer  SiN^  anti¬ 
reflection  coating  was  chosen  to  minimize  the  reflection  at 
around  500  nm,  therefore  the  reflection  for  wavelength  over 
680  nm  exceeds  10%.  This  can  be  seen  from  the  internal 
quantum  response  spectrum  for  the  same  structure  [Fig. 
3(c)].  Changing  the  antireflection  coating  to  two-layer 
system,  e.g.  ZnS/MgFj ,  can  sufficiently  improve  the  spectral 
response  and  thus  increase  the  total  conversion  efficiency. 
The  decrease  in  response  of  the  GalnP  cell  for  the  wave¬ 
length  over  600  nm  [Fig.  3(a)]  is  attributed  to  relatively 
short  diffusion  length  of  minority  electrons  in  GalnP  base 
layer.  It  is  reported  to  be  about  1-1.5  pm  [8]  at  best.  There¬ 
fore,  when  part  of  the  incident  light  is  absorbed  deeply  in 
the  base  layer,  as  it  happens  for  the  wavelengths  over 
600  nm,  not  all  the  photogenerated  electrons  can  reach  the 
p-n  junction  and  contribute  to  the  photocurrent. 

The  illuminated  current-voltage  {IV)  characteristics  of 
both  the  GalnAsP  and  GalnP  solar  cells  under  AMO  spec¬ 
trum,  1-sun  intensity  (135mW/cm^)  is  shown  in  Fig.  4,  The 
open-circuit  voltage  fill-factor  (FF)  and  active  area 
conversion  efficiency  were  1.014  V,  0.87  and  17.8%  for  n-on- 
p  GalnAsP  device,  and  1.200  V,  0.80  and  11.0%  for  GalnP 
structure,  respectively.  The  open-circuit  voltage  of  1.2  V 
appears  to  be  somewhat  low  in  comparison  to  the  values  of 
up  to  1.3  V  for  MOCVD-grown  structures  reported  recently 
[2,  8].  This  might  be  due  to  the  certain  leakage  across  the 
p-n  junction  caused  by  material  imperfectness  of  the  gas- 
source  MBE  grown  GalnP.  We  believe  two  main  reasons 
are  responsible  for  that.  First,  the  incorporation  of  the  p- 
dopant  (Be)  in  GalnP  layers  that  can  cause  clusters  forma¬ 
tion  and  distortion  of  the  crystal  lattice.  Second,  the 
ordering/disordering  of  the  GalnP  alloy  that  can  change 
across  the  structure  during  the  growth.  The  GalnP  material 
study  is  under  way  now,  and  we  believe  that  further 


Fig.  4.  IV-characteristics  of  the  cells  under  approximate  AMO,  1  sun  illu¬ 
mination:  a  -  GalnAsP  cell;  b  -  GalnP  cell.  The  inset  shows  cell  param¬ 
eters  for  both  configurations. 


improvement  of  the  GalnP  material  properties  should  make 
it  possible  to  increase  the  open-circuit  voltage  and  the  effi¬ 
ciency  of  the  GalnP  cells. 

Having  obtained  the  experimental  data  on  internal 
quantum  efficiencies  for  both  cells,  we  estimate  that  an 
appropriate  two-layer  antireflection  coating  for  the  devices, 
e.g.  ZnS/MgF2  could  increase  the  active  area  conversion 
efficiency  up  to  19%  for  GalnAsP  and  14%  for  GalnP. 
Having  processed  and  studied  a  number  of  2"  wafers  into 
solar  cell  devices,  we  also  made  a  conclusion  that  for  all  the 
cells  processed  from  the  same  wafer  the  efficiency  figures  lay 
within  no  more  than  0.3%  deviation  from  the  average  figure 
for  the  wafer.  This  is  a  clear  indication  that  even  larger  area 
solar  cells  (up  to  10  cm^)  can  be  fabricated  out  of  a  2"  wafer 
grown  by  gas-source  MBE. 


4.  Conclusion 

In  summary,  we  have  reported  the  fabrication  and  charac¬ 
terization  of  large  area  (1x1  cm^)  Gao.84Ino.i6Aso.68Po.32 
and  Gao.51Ino.49P  solar  cells  on  GaAs  substrates.  The  best 
efficiency  achieved  for  the  structures  having  single-layer 
SiN,£  antireflection  coating  was  17.8%  for  GalnAsP  and 
11.0%  for  InGaP  at  AMO,  1  sun  illumination.  The  applica¬ 
tion  of  an  optimized  two-layer  antireflection  coating  should 
increase  the  efficiency  of  the  device  up  to  19%  and  14%, 
respectively.  Also  the  excellent  uniformity  in  cell  efficiencies 
across  the  2"  wafer  makes  it  possible  to  fabricate  larger  area 
(up  to  3.5  X  3.5  cm^)  solar  cells.  The  data  obtained  shows 
that  gas-source  MBE  grown  GalnAsP  and  GalnP  materials 
are  competitive  candidates  for  the  next  generations  of  space 
solar  energy  systems. 
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Abstract 

In  this  paper,  the  parameters  for  the  solar  cell  two  diode  model  are  solved 
with  respect  to  the  cell  series  resistance,  thus  providing  an  efficient  mean  to 
extract  the  possible  combinations  for  the  model  parameters.  In  the  calcu¬ 
lations,  the  diode  ideality  factors  Ui  and  Hj  have  been  left  fixed.  The  usual 
way  is  to  set  =  1  and  =  2  to  represent  the  diffusion  and  recombi¬ 
nation  current  terms,  respectively.  The  procedure  is  tested  with  respect  to 
some  published  cell  parameter  values  with  good  results. 


1.  Introduction 

The  current  versus  voltage  characteristics  of  a  solar  cell 
under  illumination  is  commonly  translated  to  an  equivalent 
circuit  containing  a  photocurrent  source  and  a  diode  with  a 
shunt  resistor,  and  a  series  resistor  in  the  load  branch.  To 
get  a  more  accurate  fit  to  a  measurement  data,  a  second 
parallel  diode  is  sometimes  added  to  the  circuit.  The  two 
diode  model  allows  one  to  separate  the  diffusion  current 
term,  in  which  the  diode  ideality  factor  n  equals  1,  and  the 
recombination  current  term,  in  which  the  ideality  factor 
equals  2.  The  other  model  parameters  are  the  photocurrent, 
/ph,  the  diode  saturation  currents  and  the  shunt 
resistance  ,  and  the  cell  series  resistance  . 

The  task  for  extraction  of  the  five  model  parameters  from 
the  cell  current  equation  is  not  analytically  solvable,  and 
iterational  methods  must  be  used  to  fit  the  measured  current 
versus  voltage  curve  to  the  equation.  The  fit  can  be  based 
on  a  set  of  five  equations  derived  from  the  current  equation 
in  different  ways.  A  common  choice  is  to  fit  the  parameters 
in  the  open  circuit  point  (0,  V„^),  short  circuit  point  0) 
and  maximum  power  point  (/„, ,  V^,  with  the  remaining  two 
equations  derived  from  the  curve  slope  at  (0,  1^^)  and 
0).  One  way  to  proceed  to  the  solution  is  to  solve  as  many 
parameters  as  possible  with  respect  to  a  smaller  set  of 
parameters  and  iterate  from  this  limited  set  of  equations. 
With  a  proper  choice  of  starting  equations,  four  of  the 
parameters  can  be  presented  as  a  function  of  the  series 
resistance  only,  as  presented  in  this  paper.  The  series  resist¬ 
ance  Rg  remains  to  be  iterated.  As  the  parameters  I^u 
/s2  and  Rsh  are  represented  as  functions  of  R^  only,  and 
should  be  positive  in  sign  in  the  correct  solution,  one  has  a 
very  effective  mean  to  narrow  out  the  R^  ranges  inside 
which  the  solutions  are  to  be  found. 


2.  Equations  used  in  the  parameter  extraction  procedure 

The  current  equation  for  the  two  diode  model  F{I,  V)  is 
F{I,  F)  =  /  -  /ph  -b  /,i  •  -  1)  +  1,2 

^  (g(K+i  ■  R,)in2  ■  V.  _  1)  +  V  +  I-R,  ^ 

^sh 


where  /  is  the  cell  output  current,  /p^  is  the  photocurrent, 
1,1, 1,2  are  the  saturation  currents  of  diodes  1  and  2,  R,  the 
series  resistance,  the  shunt  resistance,  V  is  the  output 
voltage  of  the  cell,  and  V^  =  kTlq  where  k  is  the  Boltzmann 
constant,  T  the  cell  temperature  and  q  the  electron  charge. 
In  this  paper  the  diode  ideality  factors  and  n2  are  fixed  to 
1  and  2  to  represent  the  diffusion  and  recombination 
current  terms,  respectively  [3]. 

The  five  base  equations  are  now  derived  in  a  somewhat 
similar  manner  as  was  done  by  Chan  et  al.  [1]  with  the  one 
diode  model,  and  Enebish  et  al.  [2]  with  the  two  diode 
model.  Three  of  the  five  equations  can  be  found  putting  the 
pairs  (0,  FJ,  {!„,  0),  (7m,  I^j)  to  W,  V)-  In  the  derivation  of 
the  remaining  two  formulas,  one  can  use  the  relation  [2] 


di  dF  d7 


and  solve  it  in  the  short  circuit  ,  0)  and  maximum  power 
(/m,  points.  To  shorten  the  expressions,  we  now  adopt 
the  following  notation : 

^  _  gV„c/ni  Vt  p  _  gVoc/nz  Vi  Q  —  g^sc  •  «s/ni  •  Vi 

J)  _  gisc  •  iSs/nz  Vi  £  _  g(VM+rM  •  *s)/ni  ■  Vt  Q  =  g(VM  +  /M  •  Rs)/ni  ■  V, 

We  also  write 


a  =  C  •  I 
/?  =  £»•( 
y  =  E- 


1  -I- 

1  -t- 


Kc  -  ho  •  Rs\ 

nrK  ) 

V  -  7  *7?  \ 

^  PC  ^sc  I 

/ 


-A, 

-B 


A-C 


Im  +  Im  '  ~  I^oc 

Ui-F. 


«2'  K 

Note  that  the  expressions  are  functions  of  R,  only.  Next,  we 
define  dF/d7^t=o  =  Rsw  to  represent  the  diode  shunt  resist¬ 
ance  as  determined  directly  from  the  7F  —  curve  slope  in 
the  short  circuit  {I,^ ,  0)  point.  After  some  mechanical  calcu¬ 
lations  we  can  represent  I,i,  1,2 ,  7ph ,  and  7?^^  as  a  function 
of  7?s  only : 


51,,  -  l/(7?,ho  -  K)  iPiVM  +  ImR.-  VJ 

_ +  ^(F„,  -  73,7?,))  -  jg7M 

y  -  P  —  a-  5 
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P  \  ^shO  ” 


sl 


C]  +  I 


s2 


X  B-  1 


«2  •  K 


—  ■d]+ 


■^shO  -^s 


-/sl 


-/, 
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«i-K  n2-K 


■^sh  /^shO  — 


The  i?,  can  be  iterated  from  the  formula 


1  +  Us  - 


Vu 


‘sl 


E  +  - 


's2 


«1  •  K  "2  ’  K 


G  +  ^  =  0, 


sh, 


3.  Results  and  discussion 

A  procedure  to  make  the  parameter  extraction  has  been 
written  in  C.  The  input  parameters  defining  the  specific  cell 
under  study  are  the  short  circuit  current  ,  the  open  circuit 
voltage  ,  the  voltage  and  current  /«  in  the  maximum 
power  point,  the  voltage  versus  current  curve  slope  at  short 
circuit  i?sho  >  temperature  T.  The  parameter  extraction 
is  initiated  by  checking  the  ranges  of  inside  where  posi¬ 
tive  values  of  /p^,  1^2  can  be  found  simulta¬ 

neously.  The  possible  solutions  for  is  then  iterated  inside 
these  ranges. 

The  procedure  was  tested  against  published  parameter 
values  of  a  pn-j  unction  solar  cell.  P.  Sana,  J.  Salami  and  A. 


Rogathi  [4]  have  fabricated  high  efficiency  polycrystalline 
silicon  solar  cells  and  used  NREL  to  make  the  standard 
measurements.  Their  NREL  measurements  at  25  °C  on  a 
1.00  cm^  17.7%  efficient  cell  gave  =  0-6259  V,  1^^  = 
35.60  mA,  kJn  =  0.5284  V,  7^,  =  33.4  mA.  The  shunt  and 
series  resistance  measurements  gave  R^t,  =  299  kohm  and 
Rs  =  0.34  ohm. 

The  group  also  analyzed  the  results  with  a  two  diode 
model  using  ideality  factor  of  3.6  with  the  second  diode. 
Their  calculations  gave  =  1.33  •  10“^^  A  and  1,2  = 
9.37  *10“^  A  for  the  diode  saturation  currents.  The  corre¬ 
sponding  values  from  our  procedure  were  I,i  = 
8.77  *  10”^^  A  and  1,2  =  6.77  •  lO^^  A,  which  are  very  close 
to  the  reference,  despite  the  fact  that  =  1  had  to  be 
assumed  as  in  the  reference  paper  its  value  was  not  men¬ 
tioned.  The  R,  value  obtained  was  0.487  ohm,  which  is  rela¬ 
tively  far  away  from  the  0.34  ohm  measured  reference  value. 
In  practical  use,  one  of  the  most  critical  things  with  the  pro¬ 
cedure  is  the  accurateness  of  the  measured  input  parameters, 
e.g.  T  and  R,,,o ,  as  was  pointed  out  in  [1]. 
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Abstract 

We  have  adopted  a  new  approach  in  an  attempt  to  improve  the  present- 
day  technology  in  preparing  blue/green  ZnSe  light  emitters.  This  approach 
includes  growth  of  layer  structure  with  n-on-p  configuration  and  the  use  of 
barrier  reduction  layers  in  between  the  GaAs  substrate  and  the  lower  clad¬ 
ding  layer  of  the  device  structure.  In  addition,  we  have  studied  MnZnSSe 
quaternary  alloys  to  replace  the  MgZnSSe  layers  which  are  normally  used 
as  cladding  layers  of  the  blue/green  light  emitters  and  which  are  known  to 
exhibit  poor  electrical  properties. 

1.  Introduction 

The  use  of  ZnSe  and  related  II-VI  compound  semicon¬ 
ductors,  such  as  ZnSSe  and  CdZnSe  grown  by  molecular 
beam  epitaxy  (MBE),  together  with  a  nitrogen  rf  plasma 
source  [1],  has  resulted  in  blue/green  quantum  well  (QW) 
lasers  [2, 3]  and  light  emitting  diodes  (LEDs). 

Preparing  the  materials  for  the  II-VI  lasers  and  LED’s  is 
very  difficult.  One  of  the  difficulties  is  to  obtain  the  lattice 
matching  of  II-VI  layers  to  each  other  and  to  the  substrate 
crystal  structure.  For  example,  the  critical  thickness  of  an 
MBE-grown  ZnSe  layer  on  a  GaAs  substrate  having  the 
lattice  mismatch  of  0.27%  is  about  1500  A  [4].  As  soon  as 
the  ZnSe  film  becomes  thicker  than  the  critical  thickness  it 
relaxes,  and  a  high  density  of  misfit  dislocations  is  resulted 
in.  Thick  epitaxial  layers,  much  thicker  than  1500  A,  which 
were  free  of  dislocations  are  necessary  for  making  devices. 
Therefore,  growth  of  such  layers  is  only  possible  by  using 
ternary  (ZnSSe)  or  quaternary  (MgZnSSe)  alloys  which 
can  be  lattice  matched  to  GaAs.  For  example,  separate 
confinement  heterostructure  (SCH)  blue/green  quantum 
well  laser  diodes  usually  consist  of  lattice  matched 
Mgo.o9Zno.9iSo.i2Seo  gg  quaternaries  as  cladding  layers  and 
lattice  matched  ZnS0.07Se0.93  as  waveguides  [5]. 

Typically,  ZnSe  nucleates  in  a  three-dimensional  (3-D) 
manner  in  the  initial  stage  of  layer  growth  on  GaAs. 
However,  depositing  ZnSe  onto  a  GaAs  buffer  layer,  which 
is  grown  on  a  GaAs  substrate,  2-D  nucleation  can  be 
achieved  at  a  very  early  stage  of  growth  [6]. 

Because  MgZnSSe  used  as  a  cladding  layer  of  laser  or 
LED  is  poor  in  electrical  quality  we  have  studied  MnZnSSe 
as  a  replacement  for  MgZnSSe.  In  addition,  we  have 
attempted  to  overcome  the  difficulties  encountered  in  the 
conventional  p-on-n  layer  configuration  by  preparing  n-on- 
p  structures  since  no  ohmic  contact  to  p-type  ZnSe  is  pos¬ 
sible.  On  the  other  hand,  in  the  n-on-p  configuration  there 
exists  a  large  potential  barrier  for  holes  at  the  p-GaAs/p- 
ZnSe  interface.  Our  aim  is  to  reduce  this  valence  band  offset 
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by  growing  III-V  barrier  reduction  layers,  which  open  the 
band  gap  (Eg)  to  make  it  closer  to  Eg  of  ZnSe. 

In  the  present  paper  we  discuss  structural  and  optical 
properties  of  ZnSe-based  materials  grown  on  GaAs  sub¬ 
strates  by  MBE. 


2.  Experimental 

ZnSe-based  layers  and  structures  were  grown  in  a  DCA 
Instruments  MBE  system  equipped  with  the  reflection  high- 
energy  electron  diffraction  (RHEED)  technique.  Elemental 
Zn,  Se,  Cd  and  Mn  and  the  ZnS  compound  were  used  as 
source  materials.  A  ZnCl2  source  was  used  for  n-type 
doping,  while  p-type  doping  was  achieved  using  an  Oxford 
Applied  Research  rf  nitrogen  plasma  source.  The  beam 
fluxes  were  measured  with  a  nude  ion  gauge.  The  fluxes 
were  set  to  give  a  beam  equivalent  pressure  ratio 
Zn :  Se «  1.3  for  growth  of  ZnSe.  Optimum  (nominal) 
growth  temperature  of  ZnSe  was  found  to  be  around  350  °C, 
and  of  ZnSSe  and  other  compounds  about  300  °C.  The 
GaAs  (100)  substrates  used  in  these  experiments  were  delib¬ 
erately  misoriented  2°  off  towards  (1 10). 

GaAs  buffer  layers  and  III-V  barrier  reduction  layers 
were  grown  in  a  double-chamber  MBE  system  VG  from 
Semicon  Ltd.  One  of  the  VG  chambers  comprised  a  gas- 
source  MBE  (GSMBE),  the  other  chamber  comprised  a 
conventional  solid  source  MBE.  The  III-V  layers  were 
grown  on  GaAs  by  the  GSMBE,  and  were  then  transfered 
in  vacuum  into  the  MBE  chamber  for  deposition  of  an 
arsenic  cap  layer.  The  As  cap  layer  protected  the  surface  of 
the  sample  during  the  sample  transfer  in  air  from  this 
reactor  to  the  II-VI  reactor. 

After  growth  of  the  II-VI  layers,  the  total  film  thickness 
was  measured  with  a  stylus  surface  profiler.  Composition 
and  crystalline  quality  were  studied  by  double-crystal  X-ray 
diffraction  (DCXRD).  Optical  and  electrical  properties  were 
studied  using  photoluminescence  (PL),  Hall  measurements, 
and  electrochemical  capacitance-voltage  (ECV)  profiling. 


3.  Results 
3.1.  ZnSE 

A  number  of  relatively  thick  ZnSe  films  (lpm-4iim)  were 
grown  to  determine  the  effects  of  various  growth  parameters 
on  crystallinity  of  ZnSe  and  to  study  the  electrical  proper¬ 
ties  of  ZnSe  :  Cl.  All  the  layers  grown,  including  ternary  and 
quaternary  alloys,  possessed  shiny  mirror-like  surfaces. 
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A  spotty  “fishnet”  RHEEd  pattern  observed  in  the  initial 
stage  of  growth  the  ZnSe  suggested  an  occurrence  of  three 
dimensional  nucleation  when  depositing  the  layers  directly 
on  GaAs  substrates.  On  the  contrary,  growth  of  ZnSe  on 
GaAs  buffer  layers,  prepared  as  described  above,  resulted  in 
the  formation  of  streaky  (2  x  1)  and  c(2  x  2)  reconstructed 
RHEED  patterns  at  very  early  stage  of  growth  indicating  a 
2-D  character  of  nucleation. 

When  the  ZnSe  layer  was  relaxed  (thickness  over  2000  A) 
the  full  width  at  half  maximum  (FWHM)  of  the  {400}  dif¬ 
fraction  peak  of  DCXRD  was  very  broad,  due  to  the  pres¬ 
ence  of  misfit  dislocations.  However,  the  FWHM  became 
narrower,  as  the  layer  thickness  was  increased.  The  FWHM 
decreased  from  300  arc  sec  for  a  2  pm  ZnSe  to  120  arc  sec 
for  a  4  pm  ZnSe. 

Figure  1  shows  the  carrier  concentration  (n)  and  the  Hall 
mobility  of  ZnSe,  determined  at  300  K,  as  a  function  of 
ZnCl2  cell  temperature.  The  Hall  mobility  is  about  400  cm  V 
(Vs)  at  a  doping  level  of  «  =  4  x  10‘^cm”^  and  230  cm^ 
(Vs)  at  «  =  4  X  10‘®cm”^  which  was  the  highest  doping 
level  achieved. 
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3.2.  ZnSSe 

The  mole  fraction  x  in  ZoSj^Scj-^  must  be  about  7%  to 
yield  lattice  matching  to  GaAs  at  growth  temperature. 
Figure  2  shows  a  typical  DCXRD  rocking  curve  obtained 
for  a  1.0  pm  thick  ZnSSe  film  on  a  GaAs  buffer  layer.  The 
FWHM  is  60  arc  sec.  For  comparison,  similar  layers  grown 
directly  on  GaAs  substrates  without  the  GaAs  buffer  layers 
resulted  in  much  poorer  crystal  quality  with  the  FWHM  of 
more  than  100  arc  sec.  This  comparison  points  out  that  the 
initial  stage  of  II- VI  growth  is  critical. 

Prior  to  ZnSSe  growth,  a  thin  (200  A)  ZnSe  layer  was 
always  grown  on  GaAs  in  order  to  prevent  the  pitting 
caused  by  sulphur  which  attacks  a  bare  GaAs  surface  in  the 
growth  chamber  [6]. 

Nitrogen  doping  experiments  were  performed  mainly  for 
ZnSSe  samples.  The  rf-power  of  the  nitrogen  source  was 
varied  between  120  and  350  W,  while  the  nitrogen  partial 
pressure  was  about  3  x  10“®mbar.  Since  direct  Hall  mobil- 
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Fig.  1.  Room  temperature  Hall  measurements  for  Cl-doped  ZnSe- 
epilayers.  Electrical  properties  of  these  n-type  layers  meet  the  requirements 
of  practical  device  structures. 


Fig.  2.  DCXRD-curve  for  a  1  pm  thick  closely  lattice-matched  ZnSSe-layer 
grown  on  a  GaAs-epilayer. 


ity  measurements  were  not  possible  for  these  samples,  due 
to  the  problems  with  ohmic  contacts,  we  applied  an  ECV 
technique  to  study  the  p-type  conductivity.  The  ECV  data 
for  ZnSSe  :N  are  shown  in  Fig.  3.  As  one  can  see,  the  largest 
net  acceptor  concentration  was  1  x  10^’cm"^  obtained  at 
an  rf  power  of  200  W. 

3.3.  MnZnSSe 

Our  preliminary  experiments  on  growth  of  Mn^ni_,cS,, 
Sei_y  have  been  quite  promising.  In  these  experiments  we 


Plasma  Source  rf-power  (W) 

Fig.  3.  Net  acceptor  concentration  of  p-ZnSSe  measured  by  electrochemi¬ 
cal  CV-profiler.  The  net  carrier  concentration  drops  dramatically  at  rf 
powers  over  200  W,  indicating  a  rapid  increase  in  compensation. 
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Fig.  4.  DCXRD-curve  for  a  MnZnSSe-layer  grown  on  a  ZnSSe/GaAs  sub¬ 
strate. 


first  deposited  a  thin  ZnSe  protection  cap  layer  on  a  GaAs 
buffer  layer,  and  then  grew  Ipm  thick  ZnSSe  and  Ipm 
MnZnSSe  layers.  A  DCXRD  scan  in  Fig.  4  reveals  that  the 
structural  quality  of  MnZnSSe  is  reasonably  good.  From 
this  DCXRD  it  was  concluded  that  x  was  about  0.05  and 
y  «  0.10.  From  optical  absorption  studies,  the  band  gap  was 
determined  to  be  about  2.9  eV. 

3.4.  CdZnSe  quantum  well 

High-efficiency  semiconductor  light  emitters  requires 
quantum  well  structures.  We  have  studied  CdZnSe  as  a  QW 
material.  Our  typical  multi  quantum  well  structure  con¬ 
tained  five  70A  strained-layer  Cdo.i8Zno.82Se  QWs  separat¬ 
ed  by  100  A  ZnS0.07Se0.93  barrier  layers,  all  grown  on  a 
1.5  pm  thick  Zn0.07Se0.93  buffer  layer. 

Figure  5  shows  PL  spectra  for  a  5-QW  ZnSSe/CdZnSe 
sample  at  300  K  and  80  K.  The  main  peaks  in  both  spectra 
are  due  to  le-lhh  transitions.  The  high-energy  shoulder  in 
the  300  K  PL  spectrum  is  assigned  to  le-llh  transitions. 
The  low  Pt  intensity  of  the  ZnSSe  barrier  material  seen  in 
the  300  K  PL  shows  that  there  is  a  strong  quantum  confine¬ 
ment  of  carriers  in  this  QW-system. 

3.5.  Effects  of  barrier  reduction  layers 

When  a  layer  structure  with  n-on-p  polarity  is  grown  the 
large  valence  band  offset  of  about  leV  formed  at  the  p- 
GaAs/p-ZnSe  interface  must  be  lowered  in  order  to  inject 
holes  effectively  into  the  QW  region  of  a  device.  This  poten¬ 
tial  barrier  can  be  lowered  by  growing  barrier  reduction 
layers  the  energy  bandgaps  of  which  increase  stepwise  as 
one  approaches  the  interface  between  the  III-V  and  II- VI. 

We  have  theoretically  studied  the  effects  of  barrier 
reduction  layers  on  the  electrical  properties  of  a  pn-junction 
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Fig.  5.  Photoluminescence  from  Cd(,  igZno  g^Se  quantum  wells  at  300  K 
and  80  K. 


in  ZnSSe.  Figure  6  shows  the  calculated  current-voltage 
(I-V)  curves  of  the  pn-junction  in  ZnSSe  which  is  assumed 
to  be  grown  on  various  III-V  layers.  The  effects  of  buffer 
layers  are  remarkable.  We  can  see  that  the  voltage  drops 
from  about  20  V  to  4V,  as  the  III-V  layers  are  placed 
between  GaAs  and  ZnSe.  This  calculation  may  turn  out  to 
be  very  useful  in  a  later  time  when  we  attempt  to  prepare 
ZnSe-based  lasers  with  n-on-p  configuration. 


4.  Conclusions 

We  have  grown  ZnSe,  ZnSSe,  MnZnSSe  and  CdZnSe  layers 
by  MBE  in  preliminary  experiments  to  develop  materials  for 


Fig.  6.  Calculated  current-voltage  characteristics  of  ZnSSe  pn-junctions  on 
different  barrier  reduction  layer  combinations. 
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blue/green  lasers  and  LED’s.  We  have  observed  that  growth 
on  a  GaAs  substrate  results  in  three-dimensional  nucleation 
and  poor  structural  quality,  as  deduced  from  X-ray  diffrac¬ 
tion  measurements.  In  contrast,  growth  of  ZnSe  on  a  GaAs 
buffer  layer  indicates  an  occurrence  of  more  two- 
dimensional  nucleation  and  yields  good  grystal  structure. 
Based  on  these  observations  we  have  used  a  thin  ZnSe  inter¬ 
mediate  layer  deposited  onto  a  GaAs  epilayer  as  a  substrate 
for  the  subsequent  growth  of  II-VI  ternaries  and  quatern¬ 
aries. 

Of  particular  interest  in  MnZnSSe,  a  new  quaternary  the 
properties  of  which  are  poorly  known  at  the  moment.  This 
material  is  a  potential  candidate  for  the  cladding  layers  of 
blue/green  lasers,  perhaps  capable  of  replacing  low-quality 
MgZnSSe  that  is  generally  used  in  lasers  until  now. 

We  have  proposed  a  use  of  barrier  reduction  layers  of  the 
III-V’s  on  a  p-GaAs  substrate  to  alleviate  the  problem  of 
injecting  holes  from  the  substrate  to  into  the  active  region  of 
a  device  when  grown  with  n-on-p  polarity.  The  calculated 
I-V  curves  for  a  pn-junction  in  ZnSSe  assumed  to  be  grown 


on  various  buffer  layers  predict  that  a  proper  choice  of 
barrier  reduction  layers  is  of  very  great  importance. 
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Abstract 

By  degenerate  four-wave  mixing  experiments  in  a  two-beam  geometry,  we 
have  investigated  the  initial  coherence  and  dephasing  of  quasi  two- 
dimensional  excitons  and  biexcitons  in  GaAs  multiple  quantum  wells.  The 
dephasing  has  contributions  from  phonon  scattering,  interface-roughness 
scattering  and  exciton-exciton  scattering.  Inhomogeneous  broadening  and 
generation  of  coherent  wavepackets  play  a  significant  role  in  the  coherent 
exciton  dynamics.  The  incoherent  exciton  dynamics,  diffusion  and  recombi¬ 
nation,  is  studied  by  three-beam  transient  grating  experiments.  A  signifi¬ 
cant  difference  in  the  interface  roughness  scattering  of  coherent  and 
incoherent  (thermalized)  excitons  is  observed. 

1.  Introduction 

In  low-dimensional  semiconductor  nanostructures  as  pro¬ 
duced  by  modern  crystal  growth  techniques,  e.g.  molecular 
beam  epitaxy  (MBE),  the  excitonic  features  of  the  linear  and 
the  nonlinear  optical  properties  are  strongly  enhanced,  and 
are  observed  even  at  room  temperature  [1,  2].  The  study  of 
exciton  dynamics  is  of  importance  for  applications  in  future 
ultrafast  optical  and  opto-electronic  devices,  such  as  lasers, 
optical  modulators  and  switches  [3,  4].  Similarly,  ultrafast 
linear  and  nonlinear  optical  spectroscopy  of  excitonic  tran¬ 
sitions  provide  an  important  tool  for  the  study  of  the  funda¬ 
mental  properties,  and  the  quality,  of  these  low-dimensional 
quantum  structures.  Such  studies  have  been  made  possible 
by  the  development  of  ultrafast  laser  systems,  and  they  have 
recently  been  undertaken  by  many  research  groups  around 
the  world  [5-8]. 

We  have  performed  coherent  degenerate  four-wave 
mixing  (DFWM)  experiments  in  a  two-beam  geometry  on 
GaAs/AlGaAs  multiple  quantum  wells,  investigating  the 
initial  coherence  and  dephasing  of  quasi  two-dimensional 
excitons  after  resonant  excitation  by  ultrafast  laser  pulses 
[9].  Well  width  fluctuations  and  interface  roughness  lead  to 
inhomogeneous  broadening  and/or  splitting  of  the  exciton 
lines  depending  on  the  interface  island  configuration  [2, 10], 
The  formation  of  biexcitons  in  GaAs  MQWs  is  being 
observed  [11,  12],  and  in  the  coherent  DFWM  experiments 
a  number  of  quantum  beats  and  polarization  interferences 
between  different  exciton  transitions  appear  [13-17].  By 
spectrally  resolving  the  DFWM  signal,  the  degree  of  inho¬ 
mogeneous  broadening  can  be  estimated  [18]  and  the 
nature  of  the  observed  interferences  and  beats  determined 
[19]. 

DFWM,  or  transient  grating  [20],  experiments  in  a  three- 
beam  geometry  have  been  performed,  revealing  recombi¬ 
nation  lifetimes  and  diffusion  coefficients  of  the  excitons. 


*  Institute  of  Microelectronics,  Chernogolovka,  Moscow  142432,  Russia. 

^  Fysisk  Institut,  Odense  Universitet,  DK-5230  Odense  M,  Denmark. 

^  The  Niels  Bohr  Institute,  0rsted  Laboratory,  Universitetsparken  5, 
DK-2100  Kobenhavn  0,  Denmark. 


From  the  diffusion  coefficients,  the  momentum  relaxation 
rates  of  the  excitons  are  being  determined  and  compared 
with  dephasing,  or  polarization  relaxation  rates  [21]. 

2.  Excitons  in  GaAs/AlGaAs  quantum  wells 

In  bulk  GaAs,  the  exciton  binding  energy  is  4.2  meV  with  an 
exciton  Bohr  radius  of  75  A.  Thus,  distinct  exciton  features 
are  only  observable  at  low  temperatures.  The  binding 
energy  of  biexcitons  in  bulk  GaAs  has  been  calculated  to  be 
0.1  meV  [22],  so  they  are  difficult  to  observe  experimentally. 
In  GaAs  quantum  wells  with  a  width  below  the  exciton 
diameter,  there  is  strong  confinement  of  the  excitons  in  the 
direction  perpendicular  to  the  quantum  well  layers,  so  the 
excitons  become  quasi-two-dimensional.  The  forced 
increased  overlap  between  the  electron  and  hole  wave  func¬ 
tions  increases  the  Coulomb  binding  energy  of  the  excitons 
to  about  lOmeV  for  100  A  quantum  wells.  Similarly,  the 
biexciton  binding  energy  is  strongly  enhanced  and  is  calcu¬ 
lated  to  be  around  1.2  meV  for  100  A  wells  [23].  One  there¬ 
fore  expects,  the  biexciton  effects  are  important  for  the 
nonlinear  optical  properties  of  GaAs  quantum  wells,  at  least 
at  low  temperatures,  and  they  have  been  searched  for 
through  a  number  of  years  [24-27].  It  is  not  until  recently, 
however,  that  biexcitons  have  been  unambiguously  identi¬ 
fied  by  four-wave  mixing  and  quantum  beat  experiments 
[11, 12].  We  shall  return  to  these  biexciton  effects  later. 

In  bulk  GaAs,  the  heavy  hole  and  the  light  hole  valence 
bands  are  degenerate  at  the  zone  centre.  Since  the  confine¬ 
ment  energy  of  free  carriers  in  quantum  wells  is  dependent 
on  their  mass,  the  degeneracy  of  the  heavy  hole  and  the 
light  hole  valence  bands  is  lifted,  and  therefore  the  linear 
optical  absorption  near  the  band  gap  of  GaAs  quantum 
wells  shows  two  distinct  lines  that  are  the  heavy  hole  (HH) 
exciton  and  the  light  hole  (LH)  exciton  resonances  as  shown 
in  Fig.  1.  The  exciton  dynamics  determine  the  dynamical  as 
well  as  the  nonlinear  optical  properties  of  GaAs  quantum 
wells,  as  we  shall  see.  The  optically  excited  excitons  are 
created  in  definite  k-states  due  to  wavevector  conservation 
in  the  optical  absorption  process.  Excitation  by  a  short 
coherent  laser  pulse,  thus  creates  a  macroscopic  polarization 
in  the  medium  that  will  decay  with  the  scattering  of  excitons 
out  of  the  initial  k-states.  This  process  is  the  dephasing  of 
the  excitons  with  the  characteristic  dephasing  time,  or  trans¬ 
verse  relaxation  time  Tj ,  which  is  of  the  order  of  ten  picose¬ 
conds  at  low  temperature  and  low  density.  After  the 
dephasing,  energy  relaxation  or  thermalization  of  the  exci¬ 
tons  will  occur  before  the  final  (radiative)  recombination  of 
the  excitons  in  about  a  nanosecond,  depending  on  tem¬ 
perature. 

With  increasing  excitation  density,  strong  nonlinearities 
are  observed  in  the  excitonic  features.  Exciton  collisions  will 
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Fig.  1.  Transmission  through  a  sample  with  100  A  GaAs  MQWs  in  the 
region  of  heavy  hole  (HH)  excitons  and  light  hole  (LH)  excitons  for  a  weak 
probe  pulse  alone  (a),  and  after  an  intense  pump  pulse,  which  partially  (b), 
or  fully  (c),  bleaches  the  exciton  transitions.  The  high  frequency  modula¬ 
tions  of  the  spectra  is  due  to  Fabry-Perot  interferences  in  the  sample 
mount  (sapphire). 


increase  the  dephasing  rate,  resulting  in  broadening  of  the 
exciton  lines.  Furthermore,  the  exciton  absorption  is  grad¬ 
ually  saturated  due  to  one  of  two  causes:  screening  of  the 
Coulomb  interaction  by  free  electrons  (and  holes)  and/or 
phase  space  filling  revealing  the  Fermionic  origin  of  the 
excitons  [1].  In  bulk  semiconductors,  screening  tends  to  be 
most  important,  but  in  lower-dimensional  structures  screen¬ 
ing  is  partially  inhibited  and  at  the  same  time  the  density  of 
states  is  altered,  so  that  phase  space  filling  becomes  the 
dominant  nonlinear  effect.  At  higher  excitation  densities,  the 
excitons  are  completely  bleached  and  the  band  gap  is  renor¬ 
malized  due  to  many-body  exchange  and  correlation  effects. 
This  is  illustrated  also  in  Fig.  1  showing  absorption  curves 
after  intense  pulsed  excitations. 

In  this  paper,  we  shall  study  the  excitonic  nonlinearities 
at  low  and  medium  exciton  densities  by  degenerate  four- 
wave  mixing  (DFWM),  a  technique  that  is  also  ideal  to 
investigate  the  coherent  as  well  as  the  incoherent  exciton 
dynamics  in  semiconductor  quantum  wells.  In  particular,  we 
shall  study  the  influence  of  interface  roughness  on  the 
exciton  scattering  rate  and  exciton  motion.  Interface  rough¬ 
ness  on  a  length  scale  shorter  than  the  exciton  diameter  will 
give  rise  to  increased  scattering  of  electrons  and  holes  indi¬ 
vidually,  i.e.  to  increased  dephasing,  or  line  broadening,  of 
the  excitons.  Interface  roughness  on  a  length  scale  longer 
than  the  exciton  diameter,  will  affect  lateral  diffusion  of  the 
excitons,  limit  their  coherence  volume  (area),  and  eventually 
lead  to  localization  of  the  excitons.  In  the  next  section,  we 
shall  briefly  describe  the  four-wave  mixing  techniques 
employed  in  this  work. 


3.  Four-wave  mixing 

In  general,  four-wave  mixing  is  the  mixing  of  three  input 
waves  in  a  nonlinear  medium,  setting  up  a  third  order  non¬ 
linear  polarization  which  in  turn  serves  as  an  antenna  for  a 
fourth  outgoing  signal  wave.  In  standard  nonlinear  optics 
terms,  the  third  order  nonlinear  polarization  is  expressed  as 

P^^\k,  co)  =  /^’(co;  coi,  a>2,  CO3) 

•  Eiiki,  coi)£2(k2 ,  ,  ojs)  (1) 


where  is  the  third  order  nonlinear  susceptibility,  and  the 
frequency  and  the  wavevector  of  the  collimated  signal  beam 
are  given  by  the  energy  and  wavevector  conservations, 
expressing  the  phase-matching  conditions 


to  =  ±(«i  +  CO2  +  CO3  AA  = +Ai  +  ^2  +  A3  (2) 

where  -(-/—is  entered  for  absorbed/emitted  waves. 

With  two  degenerate  beams  (coi  =  02  =  co  and  ki  = 
k2  =  k),  impinging  under  an  angle  9  (cos  9  =  •  kjk^  <  1), 

as  in  Fig.  2,  there  are  two  possibilities  with  perfect  phase- 
match:  k  =  ki  and  k  =  k2.  These  nonlinear  signals  are 
generated  in  a  direction  with  a  large  linear  signal  and  may 
therefore  be  difficult  to  detect  at  moderate  intensities.  There 
are  also  two  possibilities  with  near  phase-match:  k  =  2*2 
—  k^  —  Ak  and  k'  =  2*1  —  *2  —  A*,  where  A*  is  the  wave 
vector  mismatch  perpendicular  to  the  sample  plane.  This 
geometry  (see  Fig.  2)  has  the  advantage  that  the  nonlinear 
signal  is  a  collimated  beam  propagating  in  a  backgound  free 
direction.  It  is  therefore  well  suited  for  the  detection  of  even 
very  small  nonlinear  signals.  The  linear  background  can  to 
a  high  degree  be  eliminated  by  simple  spatial  filtering. 

This  DFWM  can  also  be  viewed  upon  as  a  case  of  light 
induced  gratings  [20,  28].  The  two  incident  beams  set  up  a 
stationary  polarization  grating  in  the  nonlinear  medium 
with  scattering  vectors  ±(*2  —  *1)  and  a  grating  constant 
A  =  27t/|*2  —  *1 1.  This  grating  in  turn  scatters  the  incident 
beams  *1  and  *2  into  the  directions  *'  and  *,  respectively,  as 
also  discussed  above  (see  Fig.  2).  The  signal  intensity  in  the 
scattered  direction  is  [28] 


(3) 


where  d  is  the  sample  thickness,  or  the  nonlinear  interaction 
length  in  general.  Near-phase-match  requires  Akd  1,  i.e. 
thin  sample  geometry.  If  the  sample  is  very  thin  {kd  -4  1),  the 
grating  is  essentially  two-dimensional,  and  back  scattering 
(with  Akb  «  2k)  will  occur  with  about  the  same  intensity  as 
in  the  forward  direction  (see  Fig.  2).  Note,  however,  that  in 
both  directions  the  signal  will  be  weak,  because  oc  d^. 
Therefore,  strong  resonance  enhancement  will  normally  be 
necessary  in  order  to  observe  a  back  scattered  signal.  On 
the  other  hand,  it  does  open  up  the  possibility  to  observe 
the  nonlinear  interaction  in  a  resonance  where  strong  linear 


Fig.  2.  Wave  vector  conservation  for  DFWM  with  two  light  beams,  and 

Aj. 
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absorption  prevents  transmission  even  through  a  thin 
sample  [29]. 

With  three  incident  light  beams,  more  freedom  is  at  hand 
to  perform  different  types  of  four-wave  mixing  experiments. 
In  the  degenerates  case  coi  =  CO2  =  CO3,  and  with  three 
different  beam  directions,  *1,  Aj  and  k^,  a  certain  phase 
mismatch  Ak  again  requires  thin  samples  d  1/Afe,  and 
gives  rise  to  first  order  scattering  in  the  three  directions 
k  =  ki  —  k2  +  —  Ak,  k'  =  —k^  +  k2  +  k^  —  Ak  and 

k"  =  ki  +  k2  +  k^  —  AA. 

It  is  of  course  only  the  coherent  contribution  to  the  non¬ 
linear  signal  that  is  well  described  by  a  nonlinear  suscepti¬ 
bility  as  in  eq.  (1).  When  using  DFWM  experiments  to 
measure  the  magnitude  (in  resonance)  of  the  latter,  it  is 
therefore  essential  to  identify  the  coherent  contribution  as 
for  example  in  a  transient  experiment  with  a  time  resolution 
better  than  the  dephasing  time  of  the  resonance.  In  a  reson¬ 
ant  C.W.  experiment,  the  incoherent  contribution  from  the 
photoexcited  carriers  integrates  up  over  the  grating  lifetime, 
and  may  thus  exceed  by  several  orders  of  magnitude  the 
coherent  contribution. 


4.  Transient  degenerate  four-wave  mixing 

Performing  DFWM  with  ultrashort  laser  pulses,  one  can 
obtain  not  only  spectral  information  about  the  nonlinear 
coefficients,  but  also  dynamical  information  about  the 
optical  excitations.  The  type  of  information  obtained 
depends  on  the  actual  experimental  configuration,  as  well  as 
the  character  of  the  samples  investigated.  Transient  DFWM 
is  a  modification  of  the  excite-and-probe  technique,  where 
the  pump  consists  of  two  beams,  split  off  the  same  coherent 
laser  beam,  setting  up  a  coherent  polarization  grating  in  the 
medium,  and  the  probe  is  either  one  of  the  pump  beams 
self-diffracting  in  this  polarization  (or  density)  grating  [two- 
heam  configuration,  Fig.3(a)]  or  a  third  delayed  beam  dif¬ 
fracting  in  the  grating  set  up  by  the  two  first  pulses  [three- 
beam  configuration.  Fig.  3(b)].  We  shall  examine  the  two 
cases  a  little  closer  in  the  following. 

4.1.  Two-beam  DFWM 

The  two  incident  laser  pulses  are  split  off  the  same  laser 
pulse  (pulse  length  Tl),  and  are  impinging  on  the  sample 
with  a  variable  optical  delay  between  them.  In  order  for  the 
two  laser  pulses  to  interact  coherently  in  the  nonlinear 
medium,  for  example  by  setting  up  a  polarization  grating, 
the  delay  between  them  should  not  exceed  the  dephasing 
time  of  the  nonlinear  polarization  in  the  medium,  caused  by 
the  first  laser  pulse.  The  nonlinear  DFWM  signal  is  then 
self-diffraction  of  the  second  pulse  in  the  grating  set  up  by 
the  coherent  overlap  between  the  polarizations  from  the  first 
and  the  second  pulse.  For  pulse  1  arriving  first  (ti2  >  0)  as 


a)  b) 

Fig.  3.  Transient  DFWM  with  two  beams  (a)  and  three  beams  (b),  respec¬ 
tively. 


in  Fig.  3(a),  a  signal  will  thus  be  emitted  in  the  direction 
2k 2  —  *1  as  indicated.  This  result  is  obtained  by  solving  the 
two-level  optical  Bloch  equations  to  third  order,  which  for 
5-pulses  yields  [30,  31] 

P<3»(r,  t,  Ti2  >  0)  (4) 

where  t  is  the  time  after  the  arrival  of  the  second  pulse,  0(f) 
is  the  Heaviside  step  function,  and  —  iy^g  is  the 

complex  transition  frequency  with  the  damping  y^g  =  l/Tj 
-t-  1/(2  Tj).  Tj  and  Tj  are  the  longitudinal  and  transverse 
relaxation  times,  respectively.  The  intensity  of  the  DFWM 
signal  in  the  direction  2A2  —  k^  is  then 

^DFWM  cc  I  Ti2  >  0)  P  oc  0(t)/i®ge“^’’"<'+"i2>  (5) 

The  corresponding  signal  in  the  frequency  domain,  as 
experimentally  obtained  by  a  spectrometer  with  a  slow 
detector,  and  mathematically  by  Fourier  transforming  eq. 
(4)  is 


f  DFWM  I  Tl 2  >  0)  P  X  ^ 2  g  (6) 

where  to  is  the  optical  frequency  of  the  detected  signal. 
These  correlation  traces  of  the  time-integrated  DFWM 
signal  contain  information  about  the  dephasing  rate  y^g  as 
well  as  the  resonance  enhancements  of  the  nonlinear  signal. 

If  the  above  two-level  system  is  inhomogeneously 
broadened,  similar  expressions  can  be  obtained  by  inte¬ 
grating  over  the  inhomogeneous  distribution  of  transition 
frequencies,  e.g.  g(co,g)  oc  exp  { -  2  In  2((u,g  -  a)o)^r ^g}, 
where  coq  is  the  centre  frequency  and  Fgh  is  the  inhomoge¬ 
neous  intensity  linewidth  (FWHM). 


1^1 2)0^*)  dcueg 


(7) 


In  this  case,  destructive  and  constructive  interferences 
between  the  different  transition  frequencies  play  a  significant 
role,  and  the  signal  in  the  2A2  —  k^  direction  appears  as  a 
photon  echo  (PE)  at  the  time  f  =  T12 . 

hE^\P\niit,X,2>0)\^ 

QQ  g-[r?g((-ti2)^]/(16  In  2)g-2yeg(t  +  n2) 

and  the  spectrally  resolved  time-integrated  PE  takes,  for 
large  delays  (ti2  ^  ^/F^g),  the  form 

f PE  OC  I  P|^i(cu,  T 1 2  >  0)  P  X  ^fg  e  “  ®  g  -  4y.g  tn  (9) 

which  for  the  same  homogeneous  damping  decays  twice  as 
fast  as  the  free  polarization  decay  in  eq.  (6).  From  a  com¬ 
parison  of  the  observed  DFWM  decay  with  the  linewidth, 
as  observed  in  absorption  or  emission,  it  can  be  decided 
whether  the  transition  is  homogeneously  or  inhomoge¬ 
neously  broadened.  Hence,  the  dephasing  time,  and  thereby 
the  homogeneous  linewidth,  can  be  determined  from  either 
eq.  (6)  or  eq.  (9). 


4.2.  Three-beam  DFWM 

This  situation  is  sketched  in  Fig.  3(b).  The  first  two  pulses 
arrive  simultaneously,  or  well  within  the  dephasing  time  of 
the  material  (ti2  ^  T2),  and  interfere  coherently  to  set  up  a 
nonlinear  grating  in  the  medium.  This  grating  can  then  be 
detected  at  variable  time  delays,  T13,  by  diffraction  of  the 
third  pulse.  If  also  ^13  <T2,  then  pulse  3  will  diffract  off  a 
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coherent  polarization  grating  set  up  by  pulse  1  and  pulse  2, 
as  in  the  self-diffraction  case  above.  If,  however,  cu  is  in  res¬ 
onance  with  an  electronic  excitation  in  the  material,  a  real 
excitation  density  grating  may  persist  in  the  material  long 
after  the  coherent  polarization  grating  has  disappeared  by 
dephasing.  This  grating,  however,  still  bears  the  fingerprint 
of  the  coherent  overlap  between  the  two  first  pulses,  and  can 
even  give  rise  to  a  photon  echo  signal,  stimulated  by  the 
third  pulse,  but  dependent  on  the  delay  Ti2  •  If)  o”  file  other 
hand,  the  scattered  signal  is  recorded  as  a  function  of  delay 
Ti3  of  the  third  pulse,  the  decay  of  the  incoherent  excitation 
population  is  being  monitored.  This  type  of  experiment  is 
therefore  well  suited  to  separate  the  coherent  contribution 
to  the  optical  nonlinearities  from  the  more  long-lived  inco¬ 
herent  contributions  from  a  high  density  of  excited  carriers 
in  the  medium. 

The  lifetime  Zq  of  the  incoherent  excitation  density 
grating  is  determined  by  the  lifetime  Tr  of  the  excited  car¬ 
riers  as  well  as  by  carrier  diffusion  [32]  since  the  latter  will 
wash  out  the  spatial  modulation  of  the  carrier  density. 


-1  _ 


=  Tr  ‘  + 


AttD 


(10) 


where  D  is  the  carrier  diffusion  coefficient  and  A  =  2nl 
1*2  “  1  =  ■^/C2  sin  (0/2)]  is  the  grating  constant,  as  deter¬ 

mined  by  the  wavelength  A  of  the  exciting  light  and  the 
angle  0  between  the  two  interfering  beams  {k^^  and  k^.  The 
grating  lifetime  is  determined  from  the  decay  of  the  inte¬ 
grated  intensity  of  the  scattered  test  signal  as  a  function  of 
the  delay  T13  of  the  test  pulse  (3).  Hence,  the  carrier  lifetime 
and  the  diffusion  coefficient  can  be  determined  separately 
from  eq.  (33)  by  performing  transient  experiments  at  differ¬ 
ent  angles  0. 


4.3.  Experimental  setup 

A  typical  experimental  setup  to  perform  transient  DFWM  is 
shown  in  Fig.  4.  The  output  from  a  synchronously  pumped 
dye-laser  system,  or  a  self  mode-locked  Ti :  sapphire  laser,  is 
divided  into  two  or  three  beams  with  computer  controlled 
delays  in  two  of  the  beams.  The  samples  are  placed  in  a 
variable  temperature  liquid-helium  cryostat  and  the  output 
signal  beam  is  selected,  dispersed  in  a  spectrometer,  and 
measured  time  integrated  by  an  optical  multichannel 
analyser  system.  The  simultaneous  spectral  resolution  of  the 
output  signal  and  temporal  resolution  of  the  input  signals 
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yield,  together  with  the  energy  conservation  and  the  reson¬ 
ance  enhancements  of  the  nonlinear  mixing  process,  the 
maximum  information,  allowed  by  the  uncertainty  principle, 
about  the  resonances  involved  in  the  FWM  process. 

5.  Coherent  exciton  dynamics 

Figure  5  shows  an  example  of  the  coherent  exciton 
dynamics  as  revealed  by  a  two-beam  transient  DFWM 
experiment  in  a  specially  prepared  MBE-grown  sample  with 
a  series  of  multiple  quantum  well  (MQW)  structures  (10 
periods)  with  well  widths  =  80  A,  100  A,  130  A,  and  160  A 
and  Alo.3Gao  7AS  barriers  of  width  ISOA.  From  the 
DFWM  spectra  recorded  as  a  function  of  the  delay  between 
the  input  pulses,  a  number  of  observations  are  made: 

(1)  The  strong  resonance  enhancement  of  the  nonlinear 
signal  (see  eqs  (6)  and  (9))  around  the  fundamental  excitonic 
resonances,  heavy  hole  excitons  (HH)  and  light  hole  exci- 
tons  (LH),  is  clearly  observed  for  the  different  MQW  series. 

(2)  The  asymmetric  behaviour  of  the  DFWM  signal  as  a 
function  of  the  delay  is  in  agreement  with  the  simple  two- 
level  models  in  eqs  (6)  and  (9)  and  should  reveal  the  depha¬ 
sing  time  Tj  =  l/y^g  of  the  corresponding  transitions  (see 
below)  [30,31]. 

(3)  A  signal  for  negative  delays  is  a  signature  of  polariza¬ 
tion,  or  exciton,  interactions  [33,  34]  and  is  clearly  seen  for 
the  narrower  wells.  In  particular  for  the  100  A  wells,  is  seen 
a  line  (XX)  that  is  dominant  for  negative  delays.  This  line  is 
due  to  two-photon  transitions  to  the  biexciton  state  associ¬ 
ated  with  the  heavy  hole  exciton  resonance  HHjoo  of  the 
100  A  quantum  wells  [7],  as  can  be  ascertained  by  polariza¬ 
tion  resolved  experiments.  The  shift  of  the  XX  line  with 
respect  to  the  HH  line  is  equal  to  the  biexciton  binding 
energy  [12]. 

(4)  The  pronounced  modulation  observed  on  the  HHjoo 
line  is  due  to  a  quantum  beat  between  the  HHjoo  the 
LHjoo  resonances  [13-15].  The  HH  excitons  and  the  LH 
excitons  within  the  same  MQW  series  are  created  in  a 
coherent  superposition  state  by  the  spectrally  broad  laser 
pulse,  and  the  resulting  polarization  oscillates  in  time  with  a 
frequency  Ato  =  AE/h,  where  AE  is  the  splitting  of  the  HH 
and  LH  excitons.  As  a  result,  the  DFWM  signal  as  a  func¬ 
tion  of  delay  oscillates  with  the  period  Inim  [31].  Beats 
between  HH  excitons  and  biexcitons  have  also  been 
observed,  confirming  the  formation  of  biexcitons  in  the 
GaAs  quantum  wells  [11, 12]. 

(5)  In  Fig.  5,  the  laser  line  is  centred  around  the  HHjoo 
line,  but  is  sufficiently  broad  to  excite  all  the  resonances 


Fig.  4.  Experimental  setup. 
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Fig.  5.  Transient  DFWM  spectra  as  a  function  of  delay  between  the  input 
pulses  for  GaAs  MQWs  of  different  widths,  see  discussion  in  text. 
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observed.  The  DFWM  signal  from  the  wider  well  reson¬ 
ances  decay  much  faster  than  the  signal  from  the  narrower 
wells,  suggesting  shorter  dephasing  times  for  the  wider  wells. 
One  reason  could  be  that  the  wider  wells  are  excited  well 
above  the  resonances,  so  that  higher  excited  exciton  states 
and  continuum  states  contribute  to  the  dephasing  of  the 
HH  and  LH  excitons.  Such  a  conclusion,  however,  could  be 
wrong,  because  a  corresponding  broadening  of  the  reson¬ 
ances  is  not  observed  in  Fig.  5.  Instead  we  conclude  that  the 
fast  decay  of  the  signal  is  due  to  destructive  interference 
between  the  w  =  1  HH  (LH)  excitons  and  the  higher  excited 
exciton  states  and  continuum  states  [35].  A  wave  packet  is 
formed  as  a  coherent  superposition  of  many  excited  states, 
and  the  corresponding  polarization  dies  out  in  a  time  pro¬ 
portional  to  l/(spread  in  energy  of  excited  states).  Note  that 
no  rephasing  is  initiated  by  the  second  pulse,  as  in  the  case 
of  a  coherently  excited  inhomogeneous  distribution  of  tran¬ 
sition  frequencies  (photon  echo,  see  the  discussion  below) 
[18,  30,  31]. 

(6)  In  Fig.  5,  the  HHjoo  excitons  are  the  only  ones  excited 
alone  without  a  significant  contribution  from  LH  excitons 
and  higher  excited  states.  Therefore  the  observed  decay  is 
representative  of  the  dephasing  of  HH  excitons  in  GaAs 
MQWs  at  low  density  and  low  temperature.  The  observed 
dephasing  time  is  about  10  ps,  and  the  fact  that  the  signal  is 
maximum  for  a  finite  positive  delay  indicates  that  in  this 
case  the  transition  is  inhomogeneously  broadened  and  the 
signal  appears  as  a  photon  echo  [18]. 

The  observed  dephasing  times  Tj  are  slightly  larger  than 
in  bulk  GaAs  [16],  but  the  temperature  dependence  is  rela¬ 
tively  weak.  However,  it  turns  out  that  there  is  a  significant 
difference  in  the  scattering  rates,  that  are  measured  in  a 
coherent  DFWM  experiment  [9],  and  those  that  are 
deduced  from  measuring  exciton  diffusion  in  the  two- 
dimensional  GaAs  layers  [21],  as  will  be  discussed  in  the 
next  section. 


6.  Incoherent  exciton  dynamics 

As  mentioned  in  Section  4.2,  the  diffusion  coefficient  D  and 
the  recombination  lifetime  Tr  of  the  two-dimensional  exci¬ 
tons  can  be  determined  from  a  three-beam  transient  grating 
experiment.  Figure  6  shows  the  measured  temperature 
dependence  of  D  and  Tr  [21].  The  solid  curve  is  a  fit,  to  be 


discussed  below.  The  dashed  line  is  a  linear  fit  to  the  exciton 
lifetime  as  a  function  of  temperature  with  a  slope  of  100  ps/ 
K.  The  lifetime  increases  due  to  increasing  thermal  popu¬ 
lation  of  nonradiative  states.  Only  excitons  with  an  in-plane 
wavevector  smaller  than  the  wave  vector  of  a  photon  with 
the  transition  energy  may  decay  radiatively. 

The  momentum  relaxation  rate  l/tp  can  be  deduced  from 
the  diffusion  constant  applying  the  classical  expression 


(11) 


where  m,  and  tp  are  the  effective  mass  and  the  momentum 
relaxation  time  for  the  exciton,  respectively.  Figure  7  shows 
the  temperature  dependence  of  the  momentum  relaxation 
rate  l/tp  (circles)  and  the  dephasing  rates  l/Tj  (squares).  At 
low  temperature,  both  rates  are  about  50ns“^.  The  dashed 
line  is  a  fit  obtained  from  linear  regression  to  the  dephasing 
results.  The  slope  is  (2.6  +  0.7)  x  10®s”‘  K“^.  The  low  tem¬ 
perature  limit  is  40ns“^  representing  the  residual  interface- 
roughness  scattering.  The  momentum  relaxation  rate 
increases  much  faster  with  temperature  and  shows  a  non¬ 
linear  dependence.  The  solid  curve  is  a  fit  by  the  formula 


1^11^  R-Jt  at 

-  =  C  +  —  +  —  =  C  H- -t- — 
T  Tir  Tph  Li 


(12) 


where  Tj,  and  Tp^  are  the  times  for  interface-roughness  and 
phonon  scattering,  respectively,  T  is  the  temperature  and 
is  the  well  width.  The  fitting  parameters  are 
A  =  54ms"‘ K”^,  /?  =  9  x  10"®m^(s^T)“^,  and 

C=  -6.6  X  10‘°s-L 

The  expression  for  the  phonon  scattering  is  intuitively 
easily  understood.  It  is  proportional  to  the  temperature  due 
to  the  classical  phonon  population,  and  inversely  pro¬ 
portional  to  the  well  width,  as  is  the  density  of  exciton  states 
to  scatter  into.  The  expression  for  the  interface-roughness 
scattering  is  also  explained  classically  [21,  36].  The  free  exci¬ 
tons  are  considered  to  scatter  off  islands  of  slightly  different 
well  width  (about  one  monolayer).  The  mean  free  path  of 
excitons  is  assumed  to  be  independent  of  temperature. 
Hence,  the  rate  of  scattering  will  be  proportional  to  the 
exciton  velocity  (y/T)  and  the  height  of  the  scattering  poten¬ 
tial  (l/Li).  From  the  experimental  results,  it  seems  that  this 
type  of  interface-roughness  scattering  is  not  effective  for 


Fig.  6.  Diffusion  coefficient  of  excitons  in  GaAs  100  A  quantum  wells  (+) 
as.  sample  temperature.  The  solid  curve  represents  a  fit  to  the  scattering 
rates  (eq.  (12))  in  Fig.  7.  Also  shown  is  the  temperature  dependence  of  the 
exciton  lifetime  (O)  with  a  linear  fit  (dashed  line). 


Fig.  7.  Scattering  rate  of  the  thermalized  excitons  (O)  with  second  order 
polynomial  fit  in  (solid  curve)  according  to  eq.  (12).  Scattering  rates  of 
coherent  excitons  from  dephasing  measurements  (□)  with  a  linear  fit 
(dashed  curve). 


Physica  Scripta  T54 


186  J.  M.  Hvam,  D.  Birkedal,  V.  G.  Lyssenko,  J.  Erland  and  C.  B.  Sorensen 


dephasing.  This,  however,  is  not  too  surprising,  because  the 
coherent  excitons  are  formed  with  negligible  wave  vector 
along  the  two-dimensional  layers.  The  thermalized  excitons 
involved  in  the  diffusion,  on  the  other  hand  have  a  signifi¬ 
cant  in-plane  component  of  their  wave  vector. 

7.  Conclusions 

We  have  found  that  transient  DFWM  is  a  very  powerful 
tool  to  investigate  the  ultrafast  linear  and  nonlinear  optical 
processes  in  semiconductor  quantum  structures.  Fundamen¬ 
tal  parameters  for  the  coherent  and  incoherent  exciton 
dynamics  can  be  extracted  from  such  measurements.  Care 
has  to  be  taken,  however,  in  the  interpretation  of  the 
observed  results.  Quantum  interferences  and  polarization 
interferences  may  play  a  significant  role  in  the  observed 
dynamics  of  the  macroscopic  polarization.  In  particular, 
inhomogeneous  broadening  and  the  coherent  excitation  of 
continuum  wave  packets  has  to  be  taken  into  account. 

It  is  concluded  that  GaAs  MQWs  show  strong  nonlin¬ 
earities  in  the  excitonic  transitions  and  that  the  coherent 
response  times  of  these  transitions  is  in  the  picosecond  or 
subpicosecond  range.  Nonlinear  optical  devices  based  on 
excitonic  transitions  in  low-dimensional  semiconductor 
nanostructures  are  therefore  promising  as  ultrafast  electro- 
optical  or  all-optical  devices. 
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Abstract 

The  potential  of  spectroscopic  ellipsometry  for  characterization  of  III-V 
semiconductor  quantum  heterostructures  is  demonstrated  by  two  ellip- 
sometric  techniques,  chosen  to  match  polarization  selection  rules  and  spec¬ 
tral  region  of  interest.  Brewster-angle  geometry  and  transmission 
arrangement  has  been  used  for  non-destructive  studies  of  electronic  inter¬ 
subband  transitions  in  the  MIR.  The  inversion  problem  is  solved  to  deter¬ 
mine  the  extraordinary  dielectric  response  in  the  wells.  Photo-modulated 
spectroscopic  ellipsometry  utilizing  a  tunable  laser  source  has  been  used  for 
studies  of  near  band-gap  transitions  in  the  NIR/VIS.  This  provides  infor¬ 
mation  that  is  not  supplied  by  conventional  techniques  like  PLE. 


1.  Introduction 


Quasi-2D  confined  systems  manifest  well-defined  polariza¬ 
tion  selection  rules  for  optical  transitions  [1],  a  fact  now 
confirmed  by  a  variety  of  techniques.  Polarization  sensitivity 
is  increasingly  introduced  in  experiments,  that  traditionally 
have  not  been  aimed  at  acquiring  such  information. 
Polarization-sensitive  photoluminescence  excitation  is  one 
example,  successful  in  distinguishing  between  electron- 
heavy-hole  (e-hh)  and  electron-light-hole  (e-lh)  transitions  in 
quantized  structures. 

Ellipsometry  offers  a  natural  way  to  study  optical  tran¬ 
sitions  with  pronounced  polarization  dependence  by  mea¬ 
suring  the  ellipsometric  angles  4^  and  A  for  the  experimental 
configuration  of  interest.  The  squared  modulus  tan^  (4*)  of 
the  polarization  ratio 


X  =  tan  4'  e‘^ 


KIK  ’ 


(1) 


(subscripts  stand  for  the  polarization  directions  of  the  inci¬ 
dent  /  and  outgoing  0  electric  field  amplitudes)  yields  the 
detected  p-polarized  intensity  normalized  to  the  s-polarized 
one.  Therefore,  in  addition  to  the  information  extracted 
from  conventional  transmission/reflection  experiments, 
because  of  the  independently  measured  phase  angle  A,  spec¬ 
troscopic  ellipsometry  allows  the  conversion  to  spectra  of 
the  real  and  imaginary  parts  of  the  dielectric  response  func¬ 
tion  without  resorting  to  Kramers-Kronig  analysis. 

The  present  work  deals  with  the  potential  of  spectro¬ 
scopic  ellipsometry  for  characterization  of  optical  tran¬ 
sitions  in  heterostructures  containing  layers,  thin  enough  to 
manifest  quantization  effects  because  of  discontinuities  in 
the  band-edge  potential.  Transitions  between  the  first  and 
second  upper-lying  level  emerging  from  the  quantization  of 
a  single  allowed-band  (inter-subband  transitions)  usually 
occur  at  energies  much  lower  than  the  bandgaps  of  the 
materials  building  the  heterostructure  and  for  the  most 
III-V  materials  lie  in  the  MIR/FIR  spectral  region.  Tran¬ 


sitions  between  electron-band  levels  and  hole-band  levels 
(interband  transitions)  involve  energies  from  the  order  of  the 
bandgap  and  are  observable  for  the  same  materials  in  the 
NIR/Visible  region.  Different  parts  of  the  optical  spectrum 
require  different  techniques  and  instrumentation,  making  a 
unique  approach  impossible.  As  revealed  further,  we  use 
FTIR  ellipsometry  in  the  10  pm  region  and  modulation 
ellipsometry  for  wavelengths  around  1  pm,  for  monitoring 
intersubband  and  interband  transitions,  respectively,  uti¬ 
lizing  the  appropriate  radiation  sources,  polarizers  and 
detectors. 

We  calculate  the  energies  and  the  probability  densities  for 
the  wavefunctions  of  the  quantized  electron  and  hole  levels 
by  finding  [2]  exact  solutions  of  the  Schrodinger  equation 
by  means  of  a  quantum-mechanical  transfer  matrix  method 
[3,4]. 

2.  Intersubband  transitions 

Intersubband  transitions  in  heterostructures  occur  between 
quantized  levels,  originating  from  a  common  3D  allowed- 
band.  This  induces  large  matrix  elements  for  electric  field 
polarized  parallel  to  the  sample  surface’s  normal  (rr-polar- 
ization)  [1]. 

To  achieve  a  considerable  7t-component  of  the  exciting 
electric  field,  a  beam  with  a  considerable  p-polarized  com¬ 
ponent  should  be  used  at  a  large  angle  of  incidence.  For  a 
refractive  index  between  3  and  4,  typical  for  most  III-V 
semiconductors,  the  Brewster  angle  is  large  as  well,  and  the 
conventional  ellipsometric  approach  will  suffer  from  low 
intensity  of  the  p-polarized  beam,  reflected  from  the 
ambient-overlayer  surface.  If  one  moves  away  from  the  con¬ 
ventional  reflection  geometry  however,  this  may  be  turned 
into  an  advantage  because  of  the  more  efficient  coupling  of 
the  p-polarized  beam  into  the  sample  and  out  of  it,  resulting 
in  higher  intensity  on  the  detector.  In  search  for  suitable 
geometries  a  transmission  arrangement  is  a  nondestructive 
option,  and  the  backside-reflection  arrangement  becomes 
favourable  if  a  metal  reflector  is  evaporated  on  the  over¬ 
layer.  Both  arrangements  require  a  transparent  substrate, 
which  is  fulfilled  for  undoped  GaAs  in  the  10  pm  spectral 
region.  The  modelling  of  the  ellipsometric  signal  in  both 
cases  is  facilitated  by  choosing  the  incidence  angle  equal  to 
the  Brewster  angle.  We  introduce  the  model  [5]  of  partial 
coverage  of  the  substrate,  in  which  the  existence  of  an  over¬ 
layer  is  not  taken  into  account  for  multiple  reflections.  This 
is  justified  by  the  fact  that  the  p-polarized  beam,  probing  the 
intersubband  absorption,  is  coupled  directly  out  and  is  not 
multiply  reflected  in  the  substrate.  The  model  relates  the 
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polarization  ratio  %  of  the  ambient-overlayer-substrate 
system  only  to  the  polarization  ratio  measured  by  the 
ellipsometer; 

X'  =  Cx  (2) 

where  the  factor  C  accounts  for  the  substrate-ambient  inter¬ 
face  and  phase-averaging  in  the  optically  thick  substrate.  It 
depends  only  on  the  substrate  permittivity  e  and  is  typically 
a  constant  over  the  range  where  intersubband  absorption 
occurs. 

The  effect  of  the  uniaxial  overlayer  is  contained  in  x  and 
is  modelled  by  transfer  matrix  calculations  [3].  This  latter 
approach  is  very  similar  to  that  mentioned  in  Section  1, 
because  of  the  widely  used  analogy  between  optics  and  wave 
mechanics.  In  the  case  when  the  total  thickness  of  the  over¬ 
layer  D  is  much  smaller  than  the  wavelength  A,  linear 
approximation  for  the  matrix  product  can  be  used  and  4* 
and  A  spectra  can  be  analytically  inverted  to  those  of  the 
real  and  imaginary  part  of  the  overlayer  extraordinary 
dielectric  function,  if  the  ordinary  one  is  considered  known. 
The  spatially  averaged  ordinary  6°  and  extraordinary  s'  per¬ 
mittivities  are  given  by  the  effective  medium  theory  [6] 

£»  =  <£»>  =/£3  +  (1  -f)E20  (3) 


where  the  barrier  material  with  filling  factor  /  is  considered 
isotropic  (eS  =  Eb  =  Eb)  and  the  ordinary  QW  permittivity 
E2d  is  that  of  a  2D-plasma.  Using  (4)  an  analytical  expres¬ 
sion  can  be  obtained  for  the  extraordinary  dielectric 
response  of  the  QW  layer,  Sq^,  =  EqwCx^  C,  D,  s®,  e.  A).  If 
linearization  is  not  justified,  fitting  of  the  experimental  4^ 
and  A  spectra  with  the  calculated  ones  can  be  applied. 

The  samples  used  for  our  measurements  were  grown  by 
MBE  and  consist  typically  of  50  periods  of  GaAs/AlGaAs 
with  alloy  composition  and  well/barrier  thickness  chosen 
carefully  to  bring  the  separation  between  the  first  (el)  and 
second  (e2)  quantized  levels  in  the  range  around  100  me V, 
interesting  for  IR  detector  applications.  Population  of  the 
lower  level  el  with  electrons  was  achieved  by  doping  the 
well  layers  with  Si  at  the  level  of  10^®cm“^.  Measurements 
were  performed  in  the  range  400-4000  cm  with  a  FTIR 
ellipsometer  described  elsewhere  [7],  equipped  with  a 
globar  source,  wire-grid  polarizers  and  a  DGTS  detector. 
The  measurements  reported  here  were  performed  at  room 
temperature. 

2.1.  Brewster  angle  transmission  ellipsometry 
In  a  transmission  ellipsometric  arrangement,  the  square  of 
the  modulus  of  the  transmission  polarization  ratio  t  yields 
the  normalized  transmittance  spectrum, 

|Tp  =  tan^^  =  ^,  (5) 

•*5 

as  it  would  be  supplied  by  other  techniques  that  sense  only 
the  amplitude  of  the  outcoming  beam. 

Figure  1  shows  the  result  of  the  data  treatment  for  the 
case  D/A  ^  1,  in  which  the  linear  approximation  allows  us 
to  obtain  analytically  numerical  values  for  Eqw  The  sub¬ 
strate  permittivity  s  was  measured  by  conventional  reflec¬ 


/  1  -/ 

-  + - 

^QW 


(4) 


Fig.  I.  Imaginary  part  of  the  extraordinary  QW  dielectric  function, 
extracted  from  the  experiment  (points)  and  calculated  within  a  Lorentzian 
oscillator  model  (full  curve). 


tion  ellipsometry  from  the  backside  of  the  same  sample.  The 
plasma  frequency  was  calculated  assuming  a  free-carrier 
concentration  inferred  from  the  growth  conditions.  Barrier 
permittivity  was  calculated  within  a  simple  oscillator  model, 
using  literature  data  for  the  high-frequency  dielectric  con¬ 
stant,  oscillator  strength,  broadening  factor  and  oscillation 
frequency  of  the  last  phonon  band  before  the  region  of  inter¬ 
est.  The  experimentally  determined  spectrum  of  corre¬ 
sponds  to  a  Lorentzian  oscillator  with  a  center  frequency 
1045cm”^  and  broadening  lOOcm"^,  as  expected  from  the 
sample  design.  The  particular  sample  reported  in  Fig.  1  was 
grown  in  a  Varian  GEN  II  modular  MBE  machine  on  a 
semi-insulating  undoped  GaAs  (001)  substrate.  Growth  was 
started  with  a  3  pm  thick  undoped  GaAs  buffer  layer.  Then 
followed  a  60  period  QW  stack,  each  period  consisting  of 
130  A  Alo.3Gao,7As  and  88  A  GaAs  layers  with  the  middle 
65  A  of  the  GaAs  wells  n-type  doped  (10*®cm“^  Si).  Growth 
was  terminated  with  a  130  A  AIq  jGap.TAs  barrier  and  a 
50  A  GaAs  capping  layer. 

In  addition  to  the  transmission  arrangement  reported 
here,  we  have  also  used  a  backside  reflection  ellipsometry 
arrangement  with  a  metal  film  evaporated  on  the  overlayer. 
This  geometry  is  more  sensitive  to  absorption  of  the  n- 
component  of  the  electric  field,  due  to  the  so-called  IR  selec¬ 
tion  rule.  It  is,  however,  a  “destructive”  technique  and  it  will 
not  be  reported  further  here. 


3.  Interband  transitions 

It  has  been  demonstrated  recently  that  close  to  band-edge 
energies,  a  combination  between  ellipsometric  spectra  taken 
with  and  without  modulation  of  an  applied  electric  field  can 
yield  geometric  parameters,  the  static  dielectric  function,  the 
energies  of  the  quantized  transitions  and  their  polarization 
dependence  [3].  We  use  this  approach  combining  an  opti¬ 
mized  version  of  conventional  reflection  ellipsometry  with 
the  photo-modulation  technique.  Spectroscopic  ellipsometry 
is  quite  sensitive  in  quality  to  the  light  source,  since  the 
latter  determines  the  optical  signal  level  on  the  detector  and 
the  accuracy  with  which  the  angle  of  incidence  is  known. 
The  use  of  conventional  illumination  sources  with  a  low 
spectral  brilliance  results  in  low  intensity  after  monochro- 
matization  and  if  the  probe  beam  is  not  perfectly  collimated, 
measuring  and  taking  into  account  beam  divergence  has  to 
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energy  [  eV  ] 

Fig.  2.  di?p/Rp  spectra  for  a  p-i-n  test  sample  with  a  MQW  structure  as  an 
i-region.  Calculated  transitions  are  marked  on  top. 


be  included.  We  believe  to  have  solved  those  problems  by 
using  a  Ti :  Sapphire  laser,  tunable  in  the  range  1.2-1 .8  eV, 
covering  the  bandgap  energies  of  the  mostly  used  III-V 
binary  semiconductors  and  solid-solutions.  The  visible  part 
of  this  range  can  be  used  for  alignment  and  calibration 
which  thus  become  considerably  simpler  and  better  in  preci¬ 
sion.  With  an  output  power  of  0. 1-0.2  W  at  large  angle  of 
incidence  the  optical  signal  level  is  high  enough  to  be 
attenuated  within  orders  of  magnitude  to  match  the  best 
detector  performance  (linearity,  sensitivity,  etc.).  The  inten¬ 
sity  measured  by  the  ellipsometer  with  one  of  the  polarizers 
fixed  at  45°  and  the  other  at  angle  co  with  respect  to  the 
incidence  plane  is  given  by  [9] : 

/(co)  =  y  -I-  a  cos  2(0  -I-  ^  sin  2co,  (6) 

where  the  coefficients  y,  —a  and  p  are  the  first  three  com¬ 
ponents  of  the  Stokes  vector.  The  usual  experimental  pro¬ 
cedure  is  to  rotate  the  analyzer  continuously  or  stepwise 
and  obtain  the  coefficients  by  using  a  two-phase  lock-in 
technique  or  Fourier  analysis,  respectively.  The  expected 
improvement  in  the  signal-to-noise  ratio  in  our  case  allows 
a  simpler  and  quicker  modification,  known  as  Beattie’s 
method  [10].  With  the  polarizer  kept  at  45°  we  measure  the 
intensity  at  four  values  for  the  angle  between  the  polarizer 
and  analyzer  positions: 

W)  =  Y  Kp 

7(90°)  =  7?, 

/(45°)  =  ^  (/?,  4-  /?p  -K  2^^  cos  A) 

/(135°)  =  ^  (/?,  -h  /?p  -  2^^  cos  A)  (7) 

The  system  (7)  overdetermines  the  unknowns  R^,  R^,  and  A 
and  the  fourth  measurement  is  used  as  a  consistency  check. 
When  modulation  is  applied,  the  solutions  will  give  the  in- 
phase  changes  in  the  s  and  p-polarized  reflectances  dR^ ,  d/?p 
and  in  the  phase  difference  dA. 

The  experimental  setup  contains  Glan-Thompson  or 
Nicol-prism  polarizers,  mounted  on  precision  goniometers. 
Measurements  at  different  incidence  angles  can  be  per¬ 
formed  in  the  temperature  range  12K-300K  by  using  a 


closed-cycle  refrigerator.  The  measured  signal  is  normalized 
towards  the  spectral  sensitivity  of  the  Si-diode  photo¬ 
detector.  The  intensity  of  the  probe  beam  is  mechanically 
modulated  at  480  Hz  and  standard  lock-in  technique  is 
applied.  Photo-modulation  is  aehieved  by  exciting  nonequi¬ 
librium  free  carriers  close  to  the  sample  surface  by  illumi¬ 
nation  with  above-bandgap  light  (He-Ne  laser,  1  mW 
output  power).  The  modulation  frequency  is  40  Hz  which  is 
a  compromise  between  arguments  for  reducing  experimental 
duration  and  supplying  sufficient  time  for  the  spaee  charge 
to  reach  quasiequilibrium. 

The  comparison  with  results  obtained  from  non  phase- 
sensitive  modulation  experiments,  is  again  straightforward, 
since  the  measurements  at  0°  and  90°  (see  (7))  are  equivalent 
to  measuring  the  differential  reflectances  at  s  and  p- 
polarization  by  photo-modulation  spectroscopy  [11]. 

Figure  2  shows  the  dR^/Rp  spectrum  at  300  K  for  a  test 
sample  containing  8  periods  of  100  A  GaAs  wells  and  100  A 
Alo.32Gao.68As  barriers  at  the  i-region  of  a  p-i-n  structure 
[3].  The  ealculated  position  of  some  interband  transitions  is 
depicted.  It  can  be  speeulated  that  comparison  of  experi¬ 
mental  results  obtained  by  different  techniques  employing 
the  same  laboratory  equipment  is  advantageous  with 
respeet  to  some  systematic  errors.  This  can  be  the  case  with 
modulated  ellipsometry  and  photoluminescence  excitation 
spectra  for  example,  sinee  we  use  essentially  the  same 
equipment  for  both  setups. 

Results  from  modulation  ellipsometry  ean  also  be  com¬ 
pared  with  the  FTIR  ellipsometry  spectra.  The  energy  differ¬ 
ence  of  the  el-hhl  and  e2-hhl  structures  in  the 
photo-modulated  spectrum  will  correspond  to  the  energy 
position  of  the  el-e2  line  measured  with  the  transmission 
ellipsometer.  Figures  1  and  2  show  results  from  two  different 
samples,  and  a  direct  comparison  is  not  possible  here. 
Modulation  ellipsometry,  in  the  spectral  range  reported 
here,  will  therefore  also  yield  the  separation  of  the  el  and  e2 
electronic  levels,  but  not  directly  the  line-shape  of  the  el-e2 
intraband  transition,  as  the  two  different  techniques  give 
access  only  to  the  lineshapes  of  the  different  transitions  they 
involve. 

In  conclusion,  we  have  shown  some  applications  of  spec¬ 
troscopic  ellipsometry  for  studying  optical  transitions  in 
semiconductor  quantum  heterostructures.  In  addition  to  the 
information  obtainable  from  non  phase-sensitive  techniques, 
the  real  and  imaginary  parts  of  the  dielectrie  response  fune- 
tion  can  be  obtained  analytically  or  numerically  without 
Kramers-Kronig  analysis. 


Acknowledgements 

Thanks  are  due  to  Thomas  Zettler  (TU  Berlin)  for  the  GaAs/AlGaAs  test- 
sample  and  Trond  Westgaard  for  participation  in  the  reflection  experi¬ 
ments.  This  works  has  been  partially  supported  by  the  Research  Council  of 
Norway. 


References 

1.  Weisbuch,  C.  and  Vinter,  B.,  in  “Quantum  Semiconductor  Structures” 
(Academic  Press,  San  Diego  1991),  p.  57. 

2.  Ozanyan,  K.  B.,  Worren,  T.  and  Hunderi,  O.  (unpublished). 

3.  Zettler,  J.-Th.,  Mikkelsen,  H.,  Leo,  K.,  Kurz,  H.,  Carius,  R.  and 
Forster,  A.,  Phys.  Rev.  B46, 15955  (1992). 


Physica  Scripta  T54 


190  K.  B.  Ozanyan,  T.  Worren  and  0.  Hunderi 


4.  Lui,  W.  W.  and  Fukuma,  M.,  J.  Appl.  Phys.,  60,  1555  (1988). 

5.  Ozanayan,  K.  B.,  Hunderi,  O.  and  Finland,  B.-O.,  J.  Appl.  Phys., 
75(10),  15  May  1994  (in  print). 

6.  Hunderi,  O.,  J.  Wave-Material  Interaction  2, 29  (1987). 

7.  Bremer,  J.,  Hunderi,  O.,  Kong  Fanping,  Skauli  T.  and  Wold,  E., 
Applied  Optics  31, 471  (1992). 


8.  Kane,  M.  J.,  Emeny,  M.  T.,  Apsley,  N.,  Whitehouse,  C.  R.  and  Lee,  D., 
Semicond.  Sci.  Technol.  3,  722  (1988). 

9.  Azzam,  R.  M.  A.  and  Bashra,  N.  M.,  in  “Ellipsometry  and  Polarized 
Light”  (North-Holland  Publ.  Co.,  1977). 

10.  Beattie,  J.  R.,  Phil.  Mag.  46, 235  (1955). 

11.  Poliak,  F.  H.  and  Shen,  H.,  J.  Electron.  Mater.,  19,  399  (1990). 


Physica  Scripta  T54 


Physica  Scripta.  Vol.  T54,  191-193,  1994 


All-Optical  Bistability  in  Luminescence  of  Thin  CdS  Films 

Bruno  Ullrich  and  Takayoshi  Kobayashi 

Department  of  Physics,  University  of  Tokyo,  7-3-1  Hongo,  Bunkyo-ku,  Tokyo  113,  Japan 
Received  May  4, 1994;  accepted  June  16, 1994 


Abstract 

Recently,  we  have  discovered  that  the  excitation  of  thin  CdS  films  with  the 
514.5  nm  line  causes  an  all-optical  bistable  luminescent  emission  in  the  near 
infrared  part  of  the  spectrum.  A  first  insight  in  mechanism  and  origin  of 
all-optical  bistability  in  luminescence  of  semiconductors  is  presented.  We 
show  that  the  initial  and  final  states  of  the  bistable  luminescence  are  deter¬ 
mined  by  the  thermal  properties  of  the  luminescence  intensity  of  the  thin 
CdS  film.  However,  during  the  bistable  switch  of  the  luminescence  thermal 
effects  and  electronic  ones  take  place.  Thus,  all-optical  bistability  in  lumi¬ 
nescence  is  a  thermally  induced  electronic  bistability. 

1.  Introduction 

The  impact  of  photonics  on  telecommunications  increases 
rapidly  since  the  development  of  the  first  transatlantic  light¬ 
wave  system  in  1988.  Without  any  doubt,  the  next  century  is 
expected  to  become  an  Optopia  where  extensive  progresses 
and  applications  in  photonics  will  be  attained  [1].  On  the 
other  hand,  after  the  first  euphoria  surrounding  all-optical 
bistability  (all-OB)  and  optical  computing  it  became  quite 
clear  that  the  breakthrough  to  a  true  mass-market  for  pho¬ 
tonics  requires  much  more  efforts  in  basic  research  as 
assumed  during  the  last  decade.  Furthermore,  the  future  of 
photonics  will  depend  strongly  on  the  development  of  cost- 
effective  technologies  for  optical  components  and  optical 
interconnects,  especially  for  shorter  distance  applications. 
Notable  efforts  in  basic  research  concerning  all-OBs  of  thin 
semiconducting  films  were  reported  last  year  by  the  dis¬ 
covery  of  all-OB  in  luminescence  (all-OBL)  in  thin  CdS 
films  [2,  3].  In  particular,  we  pointed  out  that  the  excitation 
of  thin  CdS  films  with  the  514.5  nm  line  of  an  argon  laser 
causes,  besides  the  known  photo-thermal  all-OB  in  trans¬ 
mission  (all-OBT)  [4],  highly  contrasted  bistable  loops  in  the 
luminescence  radiation.  Since  the  radiative  recombination  is 
an  electronic  process  whose  temporal  response  depends  on 
the  lifetime  of  the  excited  carriers,  the  interesting  question 
has  arisen  whether  the  bistable  switch  of  all-OBL  takes 
place  faster  than  the  switch  in  transmission  which  is  a  pre¬ 
dominantly  thermal  effect  [2,  3].  Indeed,  we  show  in  this 
publication  that  all-OBLs  are  photo-thermally  induced  elec¬ 
tronic  bistabilities.  In  particular,  the  contrast  -  i.e.,  the  lumi¬ 
nescence  intensity  of  the  initial  and  final  states  of  the 
bistable  loop  -  and  sense  of  all-OBL  are  determined  by  the 
dependence  of  the  luminescence  intensity  on  temperature 
(iLamiT))  but  during  the  bistable  switch  of  all-OBL  elec¬ 
tronic  processes  take  place. 

2.  Experiment 

The  sample  investigated  was  a  thin  (0.45  pm)  CdS  film  on  an 
indium/tin  oxide  (ITO)  prepared  by  spraying  with  10”^  M 
Cu2  in  the  solution.  The  spray  deposition  of  CdS  has  been 


described  in  detail  in  a  previous  work  [5].  The  excitation  of 
the  sample  was  performed  with  the  514.5  nm  Ar"^  laser  line 
focused  to  a  diameter  of  400  pm.  The  power  modulation  of 
the  incident  beam  was  performed  by  a  liquid  crystal  polari¬ 
zer  system.  The  application  of  spray  deposition  results  in 
perpendicular  to  the  surface  oriented  CdS  films  [5].  Hence, 
the  absorption  edge  is  shifted  to  lower  energies  with  respect 
to  the  parallel  oriented  material  and  it  is  necessary  to  cool 
the  CdS  film  in  order  to  observe  all-OBs  with  the  514.5  nm 
line  [4].  Therefore,  the  sample  was  mounted  on  a  copper 
holder  in  a  liquid  helium  contact  gas  cryostat.  Both  the 
transmitted  and  the  incident  power  were  measured  with  Si- 
photodiodes.  For  the  luminescence  measurements,  a  10  cm- 
grating  monochromator  (resolution  3  nm)  with  a 
photomultiplier  was  placed  behind  the  cryostat.  The  switch¬ 
ing  times  were  recorded  with  a  storage-scope. 


3.  Bistable  properties  of  the  thin  CdS  film 

In  order  to  achieve  all-OB  one  needs  a  nonlinear  interaction 
between  the  exciting  source  and  the  illuminated  medium.  In 
our  case  all-OB  arises  from  the  nonlinear  dependence  of  the 
transmittance  on  temperature  Tr{T)  shown  in  Fig.  1.  The 
measurement  of  Tr{T}  was  performed  by  heating  the  sample 
continuously  under  excitation  with  the  focused  cw  514.5  nm 


Fig.  1.  The  transmission  dependence  on  temperature  of  the  thin  CdS  :  Cu 
film.  The  measurement  was  performed  with  the  focused  cw  514.5  nm  Ar'*'- 
laser  line  of  6mW.  The  drawn  tangents  on  the  measured  transmittance 
starting  at  (260  K,  0.15)  represent  the  graphical  solution  of  the  bistability  in 
transmission.  The  decrease  and  increase  in  the  transmittance  during  the 
switch  down  (a  -►  b)  and  up,  respectively  is  about  20%. 
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Fig.  2.  (a)  All-optical  bistability  of  the  transmitted  power  of  the  CdS :  Cu 
film,  (b)  All-optical  bistability  of  the  luminescent  emission  at  900  nm  of  the 
thin  CdS  :  Cu  film.  Both  measurements  were  performed  with  the  514.5mn 
line  at  an  ambient  temperature  of  260  K. 


line  of  6  mW.  The  graphical  solution  for  all-OBT  is  defined 
by  the  two  drawn  tangents  on  Tr(T)  starting  at  the  so-called 
operating  point  (OP)  which  has  the  co-ordinates  (7^,  l-Re) 
where  7^  is  the  ambient  temperature  of  the  film  (260  K)  and 
Re  the  reflectance  (0.15)  of  the  sample  [4,  6,  7].  Precisely, 
one  must  take  into  account  that  Re  depends  on  temperature 
and  the  co-ordinates  of  OP  shift  during  the  bistable  switch 
[7],  However,  by  measuring  coincidentally  transmittance 
and  reflectance  of  the  thin  CdS  film,  we  observed  that  even  if 
a  bistable  loop  in  the  transmitted  power  has  been  measured 
no  bistability  in  the  reflectance  has  taken  place.  This  pheno¬ 
menon  of  the  decoupling  between  Tr  and  Re  of  the  thin 
CdS  film  under  high  excitation  is  at  first  difficult  to  under¬ 
stand  and  discussed  in  detail  elsewhere  [7,  8],  In  the  current 
context  it  is  reasonable  to  assume  a  constant  OP.  The  indi¬ 
cated  points  on  TrfT)  in  Fig.  1  define  the  bistable  jump 


Fig.  3.  The  dependences  of  the  luminescence  intensity  on  temperature  of 
the  thin  CdS  ;  Cu  film  at  900  nm.  The  sample  was  excited  with  the  focused 
cw  514.5  nm  Ar'^ -laser  line  of  6mW.  The  indicated  points  correspond  with 
those  of  Fig.  1. 


down  (a  ->  b)  and  up  (c  d).  Figure  2(a)  reveals  the  result 
for  all-OBT  with  a  contrast  of  38%  which  is  larger  as  the 
expected  value  of  20%  from  Fig.  1.  The  deviation  probably 
arise  from  the  peculiar  shape  of  Tr{T)  which  indicates  a 
diffuse  gap  of  the  thin  CdS  film  and  the  exeited  carriers 
might  influence  the  band  structure  in  a  considerable  manner 
which  cannot  be  deduced  from  Fig.  1.  Figure  2(b)  shows  the 
all-OBL  at  900  nm.  The  measured  hysteresis  occurs  as  the 
all-OBT  in  a  clockwise  fashion  since  /Lum(^)  decreases  in 
the  considered  temperature  range  as  can  be  seen  in  Fig.  3. 
Furthermore,  by  plotting  points  in  Fig.  3  at  the  correspond¬ 
ing  T  values  of  Fig.  1,  one  finds  a  quite  good  agreement 
between  the  measured  contrast  [40%  down  and  30%  up  in 
Fig.  2(b)]  and  the  expected  one  [47%  (a  -*  b)  and  30% 
(c  d)  in  Fig.  3]. 


4.  Switching  behaviors 

Figures  4(a)  and  4(b)  show  the  switches  of  all-OBT  and  all- 
OBL,  respectively.  Clearly,  at  the  threshold  of  the  bistable 
switch,  /mm  contains  a  faster  decay  over  time  (slope:  —23% 
div.)  which  is  not  observed  in  the  transmitted  power  (slope: 
— 10%  div.).  We  point  out  that  the  luminescent  response  of 
the  sample  was  measured  with  the  monochromator  adjusted 
exactly  in  the  transmitted  beam  and  no  modifications  of  the 
foci  used  have  been  performed  during  the  measurements  of 
Figs  4(a)  and  4(b).  Therefore,  we  have  detected  the  lumines¬ 
cence  signal  which  was  in  the  transmitted  beam  included.  As 
a  consequenee,  the  thermal  relaxation  time  is  exactly  the 
same  for  both  measurements.  We  therefore  conclude  that 
during  the  switch  of  all-OBL  both  photo-thermally  induced 
and  electronic  effects  take  place,  i.e.,  all-OBL  is  a  photo- 
thermally  induced  electronic  bistability.  The  statement  is  sup¬ 
ported  by  the  observation  that  at  various  wavelengths 


Fig.  4.  Switch-off  characteristics  of  the  bistabilities  in  (a)  transmission  and 
(b)  luminescence  at  260  K.  The  measurements  were  performed  with  the 
same  experimental  conditions.  Clearly,  the  switch  of  the  luminescence  eon- 
tains  a  faster  component  as  indicated  by  the  broken  lines  (slope:  —23%/ 
div.)  than  the  switch  of  the  transmitted  power  (slope:  —  10%/div.). 
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different  decays  of  all-OBL  were  observed.  The  time  scale 
(<20ms)  for  the  switching  process  of  all-OBT  in  Fig.  4(a) 
corresponds  quite  reasonably  with  the  expected  thermal 
relaxation  time  for  the  focus  used  [3].  It  must  be  noted,  that 
the  complete  bistable  switch  of  /mm  cannot  be  faster  than 
the  thermal  relaxation  time  since,  as  pointed  out  above,  the 
initial  and  final  states  of  all-OBL  are  determined  by  •^LuniCO- 
However,  if  electronic  (faster)  processes  take  place  between 
the  initial  and  final  states,  partly  the  switch  occurs  faster 
than  in  a  dominantly  thermally  driven  process  as  shown  by 
Figs  4(a)  and  4(b). 

5.  Conclusion 

For  the  first  time,  we  have  shown  the  differences  between 
the  switching  behaviors  of  all-OBT  and  all-OBL.  On  the 
basis  of  the  presented  data  in  this  paper,  it  appears  that  at 
the  beginning  of  the  switch  of  all-OBL  -  in  the  moment 
when  T  starts  to  increase  -  /mm  decreases  due  to  the  radi¬ 
ative  recombination  lifetime  and  not  due  a  thermal  relax¬ 
ation  process.  The  results  encourage  to  apply  radiative 
transitions  with  short  lifetimes  (<10“®s)  to  all-OBL  in 
order  to  overcome  the  restriction  of  the  technical  applica¬ 


tions  of  common  photo-thermally  induced  all-OBs  due  to 
the  rather  slow  thermal  relaxation  times. 
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Abstract 

Selective-area  MOVPE  of  InP-based  semiconductor  material  is  discussed. 
As  an  example  of  its  applicability,  the  use  of  the  technique  to  make  distrib¬ 
uted  feedback  gratings  with  sub-micron  period  and  modulated  coupling 
coefficient  k  is  described.  The  grating  pattern  and  the  lateral  variation  in 
growth  rate  of  the  InGaAs(P)  material  are  defined  and  controlled  by  a 
SiOj  mask  layer. 


1.  Introduction 

Selective-area  metalorganic  vapour  phase  epitaxy  (SA- 
MOVPE)  has  gained  increased  interest  as  a  fabrication  tool 
for  optoelectronic  components  during  the  last  years,  see  e.g. 
Refs  [1-4].  This  is  to  a  large  extent  based  on  the  applicabil¬ 
ity  of  the  technique  to  make  optoelectronic  integrated  cir¬ 
cuits  (OEICs). 

However,  before  using  SA-MOVPE  in  the  fabrication  of 
components,  the  technique  must  evidently  be  mastered  to  a 
degree  where  monocrystalline  planar  semiconductor 
material  of  well-defined  composition  can  be  grown  on  a 
masked  surface.  This  makes  a  thorough  study  of  the  growth 
dependence  on  various  parameters  a  necessary  prerequisite 
for  the  application.  In  this  paper  the  investigation  of  growth 
properties  and  an  application  of  SA-MOVPE:  the  fabrica¬ 
tion  of  gratings  for  distributed  feedback  (DFB)  laser  diodes, 
are  described. 


2.  Selective-area  MOVPE 

The  most  common  way  to  achieve  SA-MOVPE  is  to 
deposit  a  thin  dielectric  layer  on  the  semiconductor  surface, 
to  pattern  this  layer  in  order  to  expose  the  desired  areas  for 
selective  growth,  and  finally  to  perform  the  MOVPE 
growth. 

An  important  finding  in  earlier  studies  of  this  technique  is 
that  the  epitaxial  growth  in  the  exposed  areas  proceeds  at 
an  increased  rate,  with  the  growth  enhancement  depending 
on  the  relative  coverage  of  the  masked  areas.  In  the  liter¬ 
ature  the  reported  specific  dependence  of  the  growth 
enhancement  on  the  mask  geometry  varies  considerably. 
The  reason  for  this  discrepancy  is  that  growth  rates  in  selec¬ 
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tive  epitaxy  are  governed  by  the  characteristic  lifetimes  of 
the  reacting  species  (gas  diffusion,  adatom  diffusion  on  the 
mask,  adsorption  on  the  growth  surface,  reaction  and 
desorption  lifetimes).  These  lifetimes  depend  on  the  growth 
parameters  such  as  pressure,  temperature,  V/III  ratio, 
nominal  growth  rate,  etc.  Hence,  the  earlier  reports  could 
only  provide  data  on  growth  enhancement  for  the  particular 
growth  parameters  and  mask  geometry  used. 

In  the  present  studies,  the  strategy  was  first  to  optimize 
the  growth  morphology,  with  special  emphasis  on  layer 
planarity  and  smoothness  of  interfaces  and  sidewalls.  This 
was  done  by  growing  InP  with  thin  InGaAs  marker  layers. 
All  growths  were  performed  on  exact  [100]  oriented  InP 
substrates  in  a  horizontal  reactor  at  20mbar,  using  tri- 
methylgallium  (TMGa)  and  trimethylindium  (TMIn)  as 
group  III  sources  and  PH  3  and  AsHj  as  group  V  sources. 
The  growth  temperature  was  typically  in  the  range  640- 
670  °C,  and  the  growth  rate  was  varied  from  0.3-2.5nm/h. 
The  non-optimized  growths  showed  e.g.  interrupted  and 
non-planar  InGaAs  layers  and  rough  [111]  sidewalls  when 
growing  in  2-5  pm  wide  openings  in  Si02-masks.  After  opti¬ 
mization,  which  included  a  decrease  in  growth  rate  and  an 
increase  in  temperature  and  V/III-ratio,  an  optimized  struc¬ 
ture  with  smooth,  planar  and  buried  marker  layers  and  flat 
sidewalls  was  obtained,  as  can  be  seen  from  Fig.  1. 

With  the  growth  parameters  yielding  good  morphology, 
the  growth-rate  enhancement,  due  to  the  partial  cover  of  the 


Fig.  1.  Scanning  electron  micrograph  showing  a  nearly  optimal  structure 
of  InP  with  InGaAs  marker  layers  grown  by  selective-area  MOVPE. 
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Fig.  2.  Schematic  view  of  the  calibration  mask  used  in  the  studies  of 
growth  properties.  During  growth  the  shaded  area  was  covered  with  dielec¬ 
tric  material.  The  width  of  this  area  varies  from  9  pm  to  1000  pm. 

substrate  with  an  SiOj  layer,  was  studied  with  a  specially 
designed  calibration  pattern,  shown  in  Fig.  2.  Having  in 
mind  various  photonic  devices,  we  studied  the  growth  in  a 
narrow  opening  along  the  axis  of  the  “near-rhombic”  mask. 
In  that  way  the  growth  conditions  could  be  evaluated  as  a 
function  of  the  width  of  the  surrounding  mask.  The  opening 
was  either  a  ~3|im  wide  “waveguide”  or  a  series  of  20  pm 
long  grating  lines  perpendicular  to  the  axis.  The  period  of 
the  gratings  was  about  235  nm. 

The  local  epitaxial  layer  thickness  at  different  points 
along  the  SiOj  pattern  was  measured  with  a  surface  profiler 
(Dektak)  or  with  a  scanning  electron  microscope  (SEM).  As 
an  example,  the  waveguide  thickness  (measured  with  the 
Dektak)  is  shown  in  Fig.  3  as  a  function  of  the  width  (on 
each  side)  of  the  surrounding  Si02  mask.  In  this  case 
nominally  500  nm  InP  was  grown,  so  even  where  the  mask 
is  very  narrow  (3  pm  on  each  side  of  the  waveguide)  a  slight¬ 
ly  enhanced  growth  rate  is  observed.  The  waveguide  of  this 
growth  was  seen  to  change  from  a  simple  triangular  shape, 
like  the  one  shown  in  Fig.  1,  to  the  more  complicated  shape 
shown  in  Fig.  4,  in  which  a  growth  over  the  Si02  mask  is 
seen  to  have  taken  place.  The  transition  (see  Fig.  3)  from  the 
fast  increase  in  thickness  for  small  values  of  the  mask  width, 
to  the  more  moderate  increase  observed  for  larger  mask 
width  values  is  presumably  due  to  this  change  in  shape.  This 
assumption  is  under  further  investigation. 


Fig.  3.  Measured  thickness  of  a  narrow  waveguide  shown  as  a  function  of 
the  width  of  the  surrounding  SiO^  mask.  For  small  values  of  the  mask 
width  the  grown  waveguide  was  observed  to  be  of  regular  triangular  shape, 
while  for  larger  values  the  shape  was  as  shown  in  Fig.  4. 


Fig.  4.  Scanning  electron  micrograph  showing  the  shape  of  a  waveguide 
grown  in  the  opening  along  the  axis  of  the  calibration  mask  shown  in  Fig. 

2.  The  large  width  of  the  mask  is  seen  to  have  caused  the  waveguide  to 
broaden  considerably  compared  to  the  opening  in  the  SiOj . 

3.  Grown  DFB  gratings 

As  an  example  of  the  applicability  of  SA-MOVPE  to 
optoelectronic  devices,  we  have  used  the  technique  to  make 
DFB  gratings.  The  motivation  for  this  work  is  to  enable 
fabrication  of  gratings  with  coupling  coefficient  k  varying 
along  the  laser  cavity.  This  is  important  for  the  design  of  a 
laser  cavity  to  yield  nearly  uniform  intensity  distribution 
along  its  axis,  and  thus  preventing  spatial  hole  burning,  see 
e.g.  Refs  [5-7]. 

The  concept  for  growing  DFB  gratings  is  shown  sche¬ 
matically  in  Fig.  5 :  In  a  first  growth  a  “normal”  laser  struc¬ 
ture  consisting  of  an  n-InP  buffer,  an  active  region  with 
confinement  layers  and  quantum  wells,  and  a  50-250  nm 
thick  InP  spacer  layer  is  made.  Then  a  35  nm  thick  Si02 
mask  layer  is  deposited  by  plasma-enhanced  CVD  and  pat¬ 
terned  by  conventional  photolithography  to  define  the 
variation  of  growth  rate  in  the  subsequent  selective-area 
growth.  In  this  case  the  3  pm  wide  opening  in  the  cali¬ 
bration  mask  is  replaced  by  a  235-nm  period  grating,  con¬ 
sisting  of  a  regular  pattern  of  20  pm  long  lines  written  by 
E-beam  lithography  and  transferred  to  the  mask  layer  by 
CHFj  reactive  ion  etching  (RIE).  An  InGaAs(P)  grating  is 
then  grown  by  SA-MOVPE  in  the  exposed  areas  between 
the  Si02-lines.  After  removal  of  the  remaining  Si02,  the 
p-InP  cladding  layer  and  a  p'^-InGaAs  contact  layer  are 
regrown  to  complete  the  laser  structure.  The  latter  step  is 
facilitated  by  terminating  the  selective  growth  by  a  thin  InP 
cap  layer.  By  this  concept  DFB  gratings  can  be  made 
without  any  etching  of  semiconductor  material. 

A  variation  of  the  width  of  the  surrounding  Si02  mask, 
implies  also  in  this  case  a  variation  of  the  growth  rate  and, 
hence,  the  thickness  of  the  grown  grating  lines.  This  prin¬ 
ciple  is  depicted  in  Fig.  6. 

4.  Results  and  discussion 

Grown  gratings  were  made  according  to  the  outlined  pro¬ 
cedure.  Performing  growth  at  640  °C  and  a  nominal  growth 
rate  of  0.3  pm  per  hour,  we  obtained  grating  lines  with 
smooth  sidewalls.  They  were  observed  to  exhibit  better  mor- 
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of  the  opening  between  the  Si02  grating  lines.  This  line- 
width  depends  mainly  on  the  exposure  time  in  the  E-beam 
lithography. 

The  gratings  shown  in  Fig.  7  were  grown  directly  on  an 
InP  substrate,  whereas  in  Fig.  8  is  shown  a  grating  grown 
on  a  real  laser  structure,  as  can  be  seen  from  the  presence  of 
3  quantum  wells  embedded  in  an  InGaAsP  confinement 
structure.  The  selective  growth  step  consisted  here  of  nomin¬ 
ally  3nm  InP,  19  nm  InGaAs  and  3nm  InP.  This  structure 
was  subsequently  buried  -  corresponding  to  Fig.  5(d). 
Figure  8  reveals  a  very  uniform  grating.  The  resulting  coup¬ 
ling  coefficient  depends  not  only  on  the  thickness  of  the 


c.  Selective  growth  of  Q^roting 


d.  Remove  SiOj  and  re-grow 


Fig.  5.  Fabrication  procedure  for  selectively  grown  DFB  gratings. 

phology  (smoother  lines)  than  the  defining  pattern  in  the 
SiOj  layer,  presumably  because  of  a  self-smoothing  effect  of 
the  slow-growth  [111]  facets. 

An  intermediate  state  in  the  fabrication  -  corresponding 
to  Fig.  5(c)  -  is  shown  in  Fig.  7.  Here  a  nominally  25  nm 
thick  layer  was  grown  by  SA-MOVPE.  Assuming  a  spacer 
layer  of  fixed  thickness,  the  observed  variation  in  grating 
layer  thickness  corresponds  to  a  change  in  the  coupling 
coefficient  by  a  factor  of  6.  The  growth  of  considerably 
thicker  grating  layers  resulted  in  partly  merged  neighbour¬ 
ing  grating  lines  in  the  highly  enhanced  regions,  with  the 
maximum  applicable  thickness  also  determined  by  the  width 


=  - Contact  layer 

•< - InP 


Fig.  7.  SEM  cross  sections  of  gratings  grown  selectively  along  the  axis  of 
the  calibration  mask.  The  photographs  were  taken  at  0.5  mm  intervals.  The 
Fig.  6.  Schematic  illustration  of  the  method  of  growing  DFB  gratings  with  height  of  the  lines  varies  from  25  nm  (a)  to  160nm  (e).  The  rectangular  parts 

varying  thickness  of  the  grating  lines :  a  broader  surrounding  Si02  mask  in  (a)  are  the  defining  SiOj  stripes.  They  are  also  visible  -  almost  buried  - 

implies  a  thicker  grating  line.  in  (e). 
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Fig.  8.  SEM  cross  section  of  a  buried  InGaAs  grating  grown  selectively  on 
top  of  the  active  layers  of  a  laser  structure  with  3  quantum  wells. 


grating  layer  but,  naturally,  also  on  the  distance  from  the 
active  laser  region,  i.e.  on  the  thickness  of  the  spacer  layer. 
For  a  200  nm  thick  spacer  layer  we  have  estimated  (using 
Ref.  [8])  that  a  variation  in  corrugation  depth  from  25  nm 
to  150nm  corresponds  to  a  variation  in  coupling  coefficient 
from  40cm“^  to  250cm“^ 

5.  Conclusion 

Selective-area  MOVPE  was  performed,  and  the  growth 
parameters  optimized  to  obtain  good  morphology.  The 


dependence  of  growth  enhancement  on  mask  geometry  was 
studied  under  these  growth  conditions.  Finally,  a  new 
method  for  making  gratings  by  selective-area  MOVPE  was 
presented.  Using  the  prescription  proposed  here,  DFB  grat¬ 
ings  can  be  made  solely  by  growth,  i.e.  without  involving 
any  etching  of  semiconductor  material.  The  method  can  be 
used  to  achieve  gratings  with  controllable  axial  variations  in 
the  coupling  coefficient  in  a  reproducible  way. 
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Abstract 

Rapid  thermal  processing  of  Co/Ti/Si(100)  structures  has  been  investigated 
over  a  wide  temperature  range,  from  300  °C  to  1100°C.  Titanium  and 
cobalt  layers,  lOnm  and  20  nm  thick  respectively,  were  consecutively 
deposited  on  Si(lOO)  substrates  using  an  e-beam  evaporator.  X-ray  diffrac¬ 
tion,  Secondary  Ion  Mass  Spectrometry  and  Rutherford  Backscattering 
Spectrometry  were  employed  to  analyse  interdiffusion  and  phase  forma¬ 
tions.  The  present  results  revealed  the  formation  of  CoSij  when  annealing 
at  750  °C.  The  CoSij  was  formed  epitaxially  and  yielded  a  minimum  chan¬ 
nelling  yield  of  approximately  8.5%  for  layers  annealed  at  1100°C.  Evi¬ 
dence  for  the  presence  of  a  CoSi  layer,  when  annealing  between  650  °C  and 
800  °C,  is  presented. 


1.  Introduction 

CoSi2  is  a  promising  candidate  for  metallization  in  future  Si 
integration  technology  mainly  because  of  its  low  resistivity 
and  the  possibility  of  epitaxial  growth  on  Si  because  of  its 
small  lattice  mismatch  with  respect  to  Si  [1,  2].  It  has 
recently  been  reported  [3]  that  epitaxially  grown  CoSi2, 
once  formed,  is  thermally  stable  up  to  1100°C.  Thus  it  is  of 
technological  interest  to  investigate  the  techniques  for  CoSi2 
epitaxial  growth  on  Si(lOO),  since  such  (100)  oriented  wafers 
are  most  frequently  used  in  device  fabrication.  The  epitaxial 
growth  of  CoSi2  on  Si(lOO)  has  in  general  been  achieved 
with  elaborate  techniques  such  as  ion-beam  synthesis  [4], 
deposition  under  ultra  high  vacuum  conditions  on  an  atom¬ 
ically  clean  surface  [5],  or  by  hot  co-deposition  of  Co  and  Si 
followed  by  a  Si  cap  layer  [6].  One  alternative  and  attrac¬ 
tive  approach  was  recently  presented  by  Wei  et  al.  [7]  who 
obtained  epitaxial  CoSi2  layers  on  Si(lOO)  substrates  by  heat 
treating  a  Co/Ti/Si(100)  structure.  The  first  results  on  epi¬ 
taxial  growth  of  CoSi2  on  Si(lOO)  substrates  with  Co/Ti/ 
Si(lOO)  structures  were  actually  published  by  Yang  and.  Bene 
[8],  but  Wei  et  al.  [7]  were  the  first  ones  to  attribute  the 
epitaxial  growth  to  the  intermediate  Ti  layer.  They 
observed,  when  annealing  Co/Ti/Si(100)  structures  by  rapid 
thermal  processing  (RTF),  an  inversion  between  the  Ti  and 
the  Co  layers  which  was  accompanied  by  the  epitaxial 
CoSi2  formation.  Two  arguments  have  been  proposed 
which  may  to  some  extent  account  for  such  a  formation. 
The  first  one  is  the  ability  of  Ti  to  getter  oxygen  [7],  leaving 
a  clean  Si  surface;  the  second  one  is  the  reduced  supply  of 
Co  atoms  to  the  Si  surface  in  the  presence  of  a  intermediate 
Ti-layer  [9].  However,  the  fundamental  mechanisms  that 
lead  to  the  formation  of  epitaxial  CoSi2  in  the  presence  of  Ti 
remain  obscure.  The  present  work  is  intended  to  elucidate 
the  process  of  Co-Ti-Si  inter-diffusion  and  the  sequence  of 


phase  formation  leading  to  the  growth  of  the  epitaxial 
CoSi2  layer. 


2.  Experimental  procedure 

Ti  and  Co  layers,  lOnm  and  20  nm  thick,  respectively,  were 
consecutively  deposited,  using  a  dual  source  e-beam  evapo¬ 
rator,  on  Si(lOO)  wafers  of  p-type  (75  mm  in  diameter) 
forming  a  Co/Ti/Si(100)  structure.  The  base  pressure  in  the 
evaporator  was  2  x  10“®Torr.  Annealing  of  the  deposited 
Co/Ti/Si  structures  was  performed,  with  an  AG  Associates 
Heatpulse  RTF  system,  in  N2 .  For  the  first  set  of  wafers,  the 
annealing  temperature  extended  from  300  °C  to  850  °C.  For 
the  second  set  of  wafers  the  temperature  ranged  from  950  °C 
to  1100°C.  The  duration  of  the  annealing  was  30  s  for  the 
first  set  of  wafers  and  10  s  for  the  second  set.  The  tem¬ 
perature  was  monitored  with  a  thermocouple  below  600  °C, 
and  with  a  pyrometer  above  600  °C. 

The  samples  were  analysed  by  X-ray  Diffraction  (XRD), 
Secondary  Ion  Mass  Spectrometry  (SIMS)  and  Rutherford 
Backscattering  Spectrometry  (RBS).  The  XRD  measure¬ 
ments  were  performed  using  a  0-2©  X-ray  diffractometer 
with  Cu  radiation  and  a  postsample  monochromator  to 
identify  the  formed  phases.  The  RBS  analysis,  utilising  '^He 
ions  with  an  acceleration  energy  of  2MeV,  was  used  in 
random  mode  to  determine  the  stoichiometry  of  the  layers 
formed  and  in  channelling  mode  to  characterise  the  epitaxial 
growth  of  CoSi2 .  In  order  to  facilitate  the  RBS  channelling 
study,  a  one  step  or  a  two  step  etching  procedure  was  used 
to  selectively  remove  the  upper  layer(s)  formed  on  the  CoSi2 
layer.  The  one  step  procedure  used  a  H2O2  :  H2SO4  (1  :  3) 
solution,  and  the  two  step  procedure  consisted  of  a 
H2O :  H2O2  :  NH3  (1:1:5)  solution  followed  by  the 
H2O2  :  H2SO4  (1  :  3)  solution.  A  Cameca  IMS  4f  micro¬ 
analyser  was  used  for  the  SIMS  analysis.  A  primary  sput¬ 
tering  beam  of  ^^^CS^  ions,  with  an  energy  of  4.0 keV,  was 
rastered  over  an  area  with  a  size  of  approximately 
100  X  100  pm^,  and  secondary  ions  were  collected  from  the 
central  part  (diameter  ~8pm)  of  the  sputtered  crater.  Sec¬ 
ondary  ions  of  the  type  MCs^  were  detected,  where  M 
denotes  the  matrix  or  impurity  species  to  be  monitored.  It 
has  recently  been  demonstrated  by  different  authors  that 
this  so  called  “MCs’^SIMS”  significantly  reduces  the  matrix 
ionisation  effects,  compared  to  what  is  obtained  with  atomic 
ions  and  is  suitable  for  quantitative  analysis  of  major  ele¬ 
ments  [10,  11].  “MCs'''SIMS”  has  been  employed  in  the 
present  study  to  reveal  the  compositions  of  the  different 
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layers  formed  and  not  primarily  to  monitor  small  concen¬ 
trations  of  impurities.  Furthermore,  sheet  resistance  mea¬ 
surements  were  carried  out  in  order  to  help  monitoring  the 
silicide  formation. 

3.  Results  and  discussion 

The  as-deposited  Ti  and  Co  layers,  both  hexagonal  close 
packed,  were  found  to  grow  with  the  preferential  orientation 
(002),  which  is  in  agreement  with  results  reported  previously 
in  the  Uterature  [12].  After  annealing  at  300  °C  some  inter¬ 
mixing  of  Co  and  Ti  occurs,  as  revealed  by  the  SIMS 
spectra  in  Fig.  1(A).  A  considerable  amount  of  Co  atoms  was 
found  at  the  Ti/Si  interface,  suggesting  Co  diffusion  at 


300  °C,  however  most  of  the  Co  layer  remained  intact. 
Oxygen  was  found  to  be  present  both  at  the  Co/Ti  and  Ti/Si 
interfaces.  The  SIMS  results  suggest  a  much  higher  Co  con¬ 
centration  in  the  Ti  region  adjacent  to  the  Ti/Si  interface, 
than  what  is  expected  according  to  the  Co-Ti  phase  diagram 
[13].  This  may  indicate  a  silicide  formation  at  the  interface 
presumably  involving  Si,  Ti  and  Co.  The  XRD  analysis  eon- 
firms  (Fig.  2)  the  continuing  presence  of  elemental  Co  and 
Ti  phases  after  annealing  at  this  temperature.  However,  no 
compound  formation  was  observed;  the  amount  of  silicide 
was  probably  too  small  to  be  detected. 

Annealing  at  400  °C  resulted  in  a  broad  XRD  peak 
appearing  around  20  equal  to  37.5°  (Fig.  2)  which  can  be 
assigned  to  a  very  thin  and  highly  distorted  Ti  layer. 
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Fig.  1.  SIMS  results  showing  depth  profiles  of  the  Co(20nm)/Ti(10nm)/Si(100) 


Sputtering  time  (s) 


structures  annealed  at  different  temperatures. 
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Fig.  2.  XRD  patterns  of  Co(20nm)/Ti(10nm)/Si(100)  structures  annealed 
for  30  s  at  the  temperatures  indicated. 


Annealing  above  400  °C  resulted  in  a  considerable  mixing  of 
the  Ti  containing  layer  with  Co  atoms  so  that  the  Ti  layer 
could  not  longer  be  differentiated  as  a  distinguishable  phase. 
SIMS  data  showed  the  presence  of  Ti  at  the  surface  [Fig. 
1(b)].  It  is  noteworthy  that  the  SIMS  measurements 
revealed  an  increased  Ti  to  Co  ratio  in  the  near  vicinity  of 
the  sample  surface,  i.e.  on  top  of  the  Co  layer,  by  approx¬ 
imately  two  orders  of  magnitude  after  the  annealing  tem¬ 
perature  was  raised  from  400  °C  to  500  °C.  The  ratio  stayed 
approximately  constant  for  samples  annealed  between 
500  °C  and  600  °C.  The  surface  Ti  was  most  probably  in  the 
form  of  TiN(O)  [14],  between  500  °C  and  600  °C. 

After  annealing  between  600  °C  and  650  °C  there  was  a 
drastic  change  in  the  XRD  spectra  (Fig.  2)  and  in  the  com¬ 
position  profiles  obtained  by  SIMS  [Figs  1(C)  and  (D)]  as 
well.  The  Ti/Co  ratio  formed  a  distinct  plateau  in  the  near 
vicinity  of  the  surface,  indicating  a  dissolution  of  the  orig¬ 
inal  Co  layer.  This  transformation  was  correlated  with  the 
abrupt  change  in  the  XRD  spectra,  manifested  by  the  disap¬ 
pearance  of  the  peak  attributed  to  Co  and  the  appearance  of 
a  peak  with  20  around  46°  (Fig.  2).  After  annealing  between 
650  °C  and  800  °C,  this  peak,  not  yet  assigned,  gradually 
decreased  with  temperature  and  vanished  at  850  °C.  The 
SIMS  data  revealed  a  constant  Co  to  Si  ratio,  adjacent  to 
the  substrate,  in  samples  annealed  in  a  temperature  range 
between  650  °C  and  750  °C.  After  annealing,  between  750  °C 
and  850  °C,  the  XRD  results  showed  a  gradual  increase  of 
the  two  diffraction  peaks  at  approximately  33.8°  [Fig.  3(A)] 
and  71°  [Fig.  3(B)].  These  two  peaks  are  from  the  (200)  and 
(400)  diffraction  planes  of  the  CoSi2  phase.  The  simulta¬ 
neous  appearance  of  these  two  diffraction  peaks  may 
exclude  the  recently  proposed  assignment  of  the  71°  peak  to 
the  CoSi  phase  [15]. 

The  ratio  between  Co  and  Si  stayed  constant  in  a  broad 
layer  close  to  the  Si  substrate;  it  corresponds  to  the  CoSi2 
layer  in  the  sample  annealed  at  850  °C  [Fig.  1(F)  and  2]. 
This  Co  to  Si  ratio  was  used  in  an  attempt  to  identify  the 
possible  silicide  phase  formed  between  650  °C  [Fig.  1(D)] 
and  750  °C  [Fig.  1(E)].  Calculations  based  on  the  relative 
changes  in  the  Co  to  Si  ratio,  close  to  the  Si  substrate,  imply 
strongly  that  a  CoSi  layer  was  present  in  samples  annealed 
between  650  °C  [Fig.  1(D)]  and  750  °C  [Fig.  1(E)].  This 
CoSi  layer  may  be  correlated  with  the  diffraction  peak 
appearing  around  46°  for  the  samples  annealed  between 


2«e 


Fig.  3.  XRD  spectra  showing  the  diffraction  peaks  from  the  CoSi^  A)  (200) 
and  B)  (400),  for  Co(20nm)/Ti(10nm)/Si(100)  structures  annealed  at  various 
temperatures. 

650  °C  and  800  °C.  None  of  the  small  diffraction  peaks  in 
the  2©  range  between  35°  and  50°  matches  any  cobalt  sili¬ 
cide  for  the  sample  annealed  at  850  °C  (Fig.  2).  On  the  other 
hand,  these  peaks  match  well  with  titanium  nitride.  The 
absence  of  any  peaks  other  than  the  CoSi2  (200)  and  (400) 
indicates  the  epitaxial  alignment  of  the  CoSi2  layer. 

RBS  results  confirmed  the  epitaxial  growth  of  CoSi2  on 
the  Si(100)  substrate  (Fig.  4).  The  minimum  yields  in  the 
channeling  spectra  of  the  CoSi2  layers  formed  at  850  °C, 
950  °C  and  1100°C  were  approximately  18%,  13%  and  9%, 


Fig.  4.  RBS  random  and  channeling  spectra  of  the  Co(20nm)/Ti(10nm)/ 
Si(100)  structure,  annealed  at  1100°C,  displaying  a  minimum  channeling 
yield  of  8.5%.  The  sample  was  exposed  to  the  two  step  etching  procedure 
prior  to  the  measurement. 
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respectively.  These  values  are  comparable  to  those  reported 
by  other  authors  [14],  Above  850  °C,  the  total  thickness  of 
the  epitaxial  CoSi2  layer  depended  only  weakly  on  the 
annealing  temperature.  The  data  on  unetched  samples 
revealed  a  complex  top  surface  layer  involving  Co,  Ti,  Si 
and  probably  N. 

Although  the  sequence  CojSi,  CoSi  and  CoSij  has  been 
repeatedly  reported  for  studies  relating  the  furnace  anneal¬ 
ing  of  Co-Si  samples,  we  have  not  conclusively  identified  the 
presence  of  Co2Si  in  the  course  of  the  present  investigation. 

4.  Conclusions 

We  have  shown  that  the  Co  layer  in  a  Co/Ti/Si(100)  struc¬ 
ture  ceased  to  exist  when  annealing  above  650  °C.  The 
SIMS  data,  for  samples  annealed  between  650  °C  and  750  °C 
indicated  strongly  that  a  CoSi  layer  formed  near  the  Si  sub¬ 
strate.  Between  750  °C  and  850  °C  XRD  results  showed  con¬ 
clusively  a  gradual  formation  of  an  epitaxial  CoSi2  layer. 
RBS  channelling  measurements  gave  minimum  yields  of 
18%,  13%  and  9%,  after  annealing  at  850  °C,  950  °C  and 
1 100  °C,  respectively. 
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Abstract 

In  the  development  of  new  electronic  materials  and  devices,  laser  ablation 
deposition  offers  a  quick  and  relatively  easy  technique  to  realise  compli¬ 
cated  material  compositions  and  multilayer  structures.  This  paper  presents 
laser  ablation  deposition  of  different  types  of  thin  film  materials,  each 
having  potential  use  in  electronic  applications.  The  materials  are: 
YBajCujO,.^  superconducting  films  and  YBa2Cu30,_/PrBa207_^ 
superlattices;  piezoelectric  lead  zirconium  titanate  (PZT)  and 
PZT/YBajCujO,.,  heterostructures;  Cu(In,Ga)Se2  semiconductor  photo¬ 
voltaic  materials  and  amorphous  diamond-like  carbon  films.  The  deposi¬ 
tion  of  these  materials  was  carried  out  mostly  using  a  pulsed  XeCl  excimer 
laser,  either  in  an  in  situ  process  on  a  heated  substrate  or  by  post  deposi¬ 
tion  annealing. 


1.  Introduction 

The  deposition  of  high  temperature  superconductors  has 
shown  laser  ablation  deposition  (LAD)  to  be  a  simple  and 
versatile  thin  film  preparation  method.  Especially  in  the 
development  of  new  materials,  LAD  offers  a  quick  and  rela¬ 
tively  easy  technique  to  realise  complicated  material  com¬ 
positions  and  multilayer  structures.  The  main  advantages  of 
the  method  are  the  reproducibility  of  the  target  composi¬ 
tion,  the  possibility  to  deposit  a  wide  variety  of  materials 
and  layered  structures  and  a  quick  and  relatively  simple 
experimental  arrangement. 

In  this  paper,  pulsed  laser  ablation  deposition  of  different 
types  of  thin  film  materials  made  in  the  University  of  Oulu, 
is  presented  [1-5].  The  materials  are  very  different  in 
their  deposition  properties  offering  a  challenge  to  any 
method:  YBa2Cu307-a  superconducting  films  and 
YBa2Cu307_a/PrBa207^3  superlattices;  doped-lead  zir¬ 
conium  titanate  (PZT),  a  multinary  ferroelectric  oxide,  and 
PZT/YBa2Cu307_3  heterostructures;  Cu(In,  Ga)Se2  a 
ternary  or  quaternary  compound  semiconductor  consisting 
of  more  and  less  volatile  elements  and  amorphous  diamond¬ 
like  carbon,  ablated  from  a  high-melting  point  element. 


2.  Laser  ablation  depositions 

The  laser  ablation  deposition  process  can  be  divided  into 
the  following  stages  [6] :  (i)  heating,  melting  and  fast  evapo¬ 
ration  of  the  target  material  by  the  laser  beam;  (ii)  absorp¬ 
tion  of  laser  power  in  the  evaporated  material  and  the 
formation  of  plasma  followed  by  an  isothermal  expansion; 
{iii)  adiabatic  expansion  of  the  plasma  and  formation  of  a 
directed  particle  beam,  and  (iv)  condensation  of  the  material 
on  the  substrate  and  the  nucleation  and  growth  of  the  film. 
If  the  growth  occurs  on  a  non-heated  substrate,  the  struc¬ 
ture  of  the  film  is  usually  amorphous;  crystalline  films  are 


obtained  either  by  post  deposition-annealing,  or  in  an  in 
situ  process  on  a  heated  substrate. 

A  typical  laser  ablation  chamber  is  shown  in  Fig.  1  [1]. 
The  laser  beam  is  usually  scanned  by  a  computer-controlled 
xy-stage  over  the  target  surface  at  an  angle  of  30°-45°.  A 
typical  distance  between  the  target  and  substrate  is  30  to  40 
mm.  In  some  arrangements,  the  target  can  rotate  and  move 
up  and  down.  The  substrate  can  be  heated  to  800  °C.  The 
base  pressure  of  the  chamber  is  10“®mbar;  it  is  also  pos¬ 
sible  to  deposit  films  in  low-pressure  reactive  gas  ambients. 
Laser  ablation  deposition  was  carried  out  mostly  by  using  a 
pulsed  XeCl  excimer  laser  (wavelength  308  nm,  maximum 
pulse  energy  about  50  mJ,  pulse  duration  about  20  ns  and 
maximum  repetition  rate  50  Hz).  In  some  experiments  also  a 
Q-switched  Nd  :  YAG  laser  (wavelength  1064  nm,  pulse 
energy  0,5-3  mJ,  pulse  duration  200  ns  and  repetition  rate 
60-1000  Hz)  was  used. 


3.  YBa2Cu307_g  superconducting  films  and 
YBa2Cn307_g/PrBa207_8  superlattices 

YBa2Cu307_3  (YBCO)  and  PrBa207_3  (PrBCO)  films, 
YBCO/PrBCO  superlattices  and  Yo.5Pro,5Ba2Cu307_3 
films  were  deposited  on  heated  (700-750  °C)  SrTiOg  single 
crystal  substrates  using  an  energy  density  of  2-3  J/cm^  and 
an  oxygen  flow  (0.25  mbar  O2)  during  the  deposition  [2]. 
For  the  deposition  of  superlattices  the  laser  beam  was 
scanned  over  two  targets  placed  closely  together.  It  was  pos¬ 
sible  to  control  the  thickness  of  each  layer  independently  by 
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Fig.  I.  A  typical  laser  ablation  chamber. 
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varying  the  number  of  pulses.  Typical  deposition  rates  were 
about  0.1  A/pulse  (2.5-5  A/s).  The  thin  films  and  super¬ 
lattices  were  epitaxial  with  the  c-axis  perpendicular  to  the 
SrTiOj  (001)  surface  plane.  The  zero  resistivity  temperature, 
7^0  >  of  the  epitaxial  YBCO  films  was  87-90  K  and  the  rela¬ 
tive  resistance  curve  showed  metallic  behaviour  above  ^0 
and  extrapolated  well  to  zero  (Fig.  2,  curve  a)  [2].  The  resis¬ 
tivity  curve,  R(T),  of  the  PrBCO  film  showed 
semiconductor-like  behaviour. 

For  the  2/2  and  1/1  unit  cell  period  superlattices  (Fig.  2, 
curves  b  and  c),  the  respective  critical  temperatures,  57  K 
and  31 K,  are  lower  than  for  YBCO  but  considerably  higher 
than  18K  for  the  alloy  Yo.5Pro.5Ba2Cu307_a  (Fig.  2,  curve 
d).  For  longer  period  superlattices,  the  resistivity  curves  and 
critical  temperatures  approach  those  of  YBCO  films.  All 
superlattice  films  showed  metallic  behaviour  above  but 
the  resistivity  ratio,  R(300  K)/R(100  K),  was  considerably 
less  than  the  value  of  3  exhibited  by  the  epitaxial  film.  Even 
the  resistivity  curve  of  the  1/1  unit  cell  superlattice  had  a 
positive  slope  contrary  to  that  of  the  Yq  sPr,,  5Ba2Cu307_3 
material,  and  its  was  at  least  12  K  higher  so  that  Y  and 
Pr  were  not  randomly  distributed  in  the  rare  earth  sites.  The 
critical  current  density  in  a  zero  magnetic  field  at  77  K  was 
in  the  range  1-2.5  x  10®  A/cm^  for  the  YBCO  films.  For  a 
4/4  superlattice  film  the  critical  current  density  at  30  K  was 
0.2  X  10®A/cm^ 

For  hybridization  of  high  superconductors  and  semi¬ 
conductors,  silicon  is  the  most  important  substrate.  Deposi¬ 
tion  of  good  quality  high  superconducting  thin  films 
directly  on  to  silicon  has  proved  to  be  impossible  because 
the  diffusion  of  silicon  destroys  the  superconducting  proper¬ 
ties  of  the  film.  Therefore  a  buffer  layer  on  a  silicon  sub¬ 
strate  has  to  be  used.  In  a  study,  laser  ablation  deposition  of 
high  To  superconducting  YBa2Cu307_3  films  on  silicon 


Fig.  2.  Relative  resistance,  R(T)/R(300  K),  of  films  on  SrTiOj:  (a) 
YBajCujO,.,,  deposited  by  an  in  situ  process  and  (b) 
YBajCujO^.j/PrBajO,.^  superlattice,  period  2/2  unit  cell  (4,8  nm),  thick¬ 
ness  97  nm  (21  -1-20  layers),  (c)  period  1/1  unit  cell  (2,4  nm),  thickness  58  nm 
(25  -I-  24  layers),  (d)  alloy  Yq  sPr^  jBajCujO,.^ . 


using  an  yttrium-stabilised  zirconia  (YSZ)  buffer  layer  was 
investigated.  The  substrates  were  silicon  and  silicon  on 
sapphire.  The  films  on  the  YSZ  buffer  layer  were  very  prom¬ 
ising:  they  were  almost  epitaxial,  showed  metallic  type  resis¬ 
tivity  behaviour  and  had  zero  resistivity  temperatures  of 
about  85  K. 

4.  Lead  zirconium  titanate  and  PZT/YBCO  heterostructures 

Lead  zirconium  titanate  (PZT)  materials  are  of  great  inter¬ 
est  for  high  dielectric-constant  and  non-volatile  memory 
chips  and  for  piezoelectric  sensor  and  actuator  applications. 
In  LAD  of  PZT  it  is  necessary  to  optimise  the  processing 
parameters  for  each  material  composition.  For  example,  the 
laser  fiuence  has  a  critical  effect  on  the  composition  and 
microstructure  of  films.  If  too  high  a  fiuence  is  used,  large 
particles  impair  the  quality  of  the  film.  On  the  other  hand, 
the  target-substrate  distance  together  with  the  laser  fiuence 
affects  the  growth  rate  of  the  films.  The  optimised  value  for 
the  fiuence  at  a  deposition  distance  of  40  mm  was  1- 
l,5Jcm~^  for  Pbo.97Ndo.o2(Zro.5sTio.45)03  targets  [1].  To 
avoid  ablation  from  a  small  area,  a  rotating  target  which 
moved  up  and  down  was  used.  After  ablation  on  unheated 
sapphire  substrates  (with  R-plane  surfaces)  the  films  (100- 
800  nm  thick)  were  amorphous  and  had  good  surface  mor¬ 
phology.  After  deposition  the  films  were  annealed  in  air  with 
PZT-powders  at  750  °C  for  two  hours.  The  films  had  a  tri¬ 
gonal  perovskite  structure  as  the  main  crystal  phase  and  the 
composition  of  the  target  was  reliably  reproduced. 

In  connection  with  PZT,  high  superconducting  oxides 
can  be  used  as  electrodes  (in  the  normal  state)  or  as  an 
active  superconducting  material.  LAD  was  used  to  produce 
layered  structures  containing  PZT  and  YBCO-compounds 
[3].  The  layers  were  deposited  in  situ  on  heated  (PZT:  585- 
600  °C,  YBCO :  740-760  °C)  single  crystal  substrates  (fiuence 
l-2J/cm^)  in  an  oxygen  flow.  The  highest  crystal  perfection 
of  PZT  was  obtained  on  epitaxial  YBCO  deposited  on  a 
single  crystal  of  strontium  titanate. 

5.  Cu(In,  Ga)Se2 

CuInSe2  (CIS)  and  Cu(In,  Ga)Se2  (CIGS)  have  been  recog¬ 
nized  as  most  important  new  semiconductor  photovoltaic 
materials,  with  large-scale  applications  projected  for  thin 
film  solar  cells  and  radiation  detectors.  Gallium  substitution 
of  CIS  provides  a  convenient  means  of  adjusting  the  band 
gap  of  the  material.  As  x  goes  from  1  to  0  the  band  gap  of 
CuIn,tGai_;<.Se2  increases  from  approximately  1.0 eV  to 
1.68  eV.  Applications  for  IR  detectors  would  benefit  from 
the  small  bandgap  of  CIS.  For  solar  cell  applications 
CuIno.75Gao.25Se2  with  a  bandgap  of  1.17eV  presents  a 
useful  compromise  between  the  optimum  bandgap  of  1.5  eV 
and  ease  of  film  preparation. 

Targets  were  prepared  from  polycrystalline  and 
Bridgman-grown  single  crystal  material  [4].  The  peak 
power  density  was  10®W/cm^.  The  films  (typically  400  nm 
thick)  were  deposited  at  350  °C  on  fused  silica  and  silicon 
(111)  single  crystal  substrates.  After  deposition,  the  tem¬ 
perature  was  lowered  to  room  temperature  without  any 
additional  heat  treatment.  The  EDAX  results  for  the  bulk 
analysis  of  the  ablated  films  revealed  that,  in  general,  the 
selenium  content  was  below  that  of  the  target  material. 
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However,  the  indium/gallium  ratios  of  the  target  materials 
were  seen  to  be  faithfully  reproduced  up  to  20%  gallium 
substitution.  The  films  were  all  found  to  be  n-type,  as  were 
the  original  targets. 

The  ability  of  LAD  to  prepare  films  whose  bandgap  may 
be  varied  simply  by  varying  the  composition  of  the  starting 
material  is  of  great  interest  in  the  field  of  fibre  optic  commu¬ 
nications. 


6.  Diamond-like  carbon  thin  films 

Amorphous  diamond-like  carbon  (DLC)  thin  films  were 
deposited  on  fused  silica  and  single  crystal  silicon  substrates 
using  a  pyrolytic  graphite  target  [5].  The  thickness  of  the 
films  was  between  100  nm  and  500  nm  and  the  deposition 
time  was  10-30  min. 

The  effect  of  substrate  temperature  and  the  intensity  of 
the  laser  pulse  was  investigated.  By  varying  the  power 
density  during  the  laser  pulse  between  10®  and  10^“W/cm^ 
and  the  deposition  temperature  between  room  temperature 
and  200  °C  it  was  found  to  be  possible  to  tailor  the  proper¬ 
ties  of  the  deposited  films  between  the  extremes  of  diamond¬ 
like  and  graphite-like  carbon  (Fig.  3).  The  lowest  substrate 
temperature  and  the  highest  peak  power  density  yielded  the 
most  diamond-like  properties.  The  optical  band  gap  of  the 
films  varied  from  zero  (graphite-like  films)  to  a  maximum 
value  of  1.35  eV  (DLC)  for  films  deposited  at  200  °C  and  at 


Deposition  temperature  (°C) 

Fig.  3.  Optical  energy  gap  of  a  DLC  film  deposited  at  20  “C  as  a  function 
of  laser  power  density  (a)  and  logarithm  of  electrical  resistivity  as  a  function 
of  the  laser  power  density  (b)  and  the  deposition  temperature  (c). 


room  temperature,  respectively.  As  a  function  of  the  power 
density,  the  optical  gap  varied  between  0.45  and  1.35  eV  for 
films  deposited  at  room  temperature  [Fig.  3(a)].  By  intro¬ 
ducing  hydrogen  into  the  chamber  during  deposition,  the 
DLC  band  gap  could  be  increased  to  2.2  eV.  The  real  part 
(n)  of  the  refractive  index  was  near  2.4  in  the  visible  wave¬ 
length  range  for  good  quality  unhydrogenated  DLC  films 
and  near  1.4  for  hydrogenated  films. 

The  electrical  resistivity  of  the  unhydrogenated  films 
could  be  varied  over  six  orders  of  magnitude  by  adjusting 
the  power  density  [Fig.  3(b)].  As  a  function  of  the  deposi¬ 
tion  temperature  between  room  temperature  and  200  °C  the 
variation  was  more  than  eight  orders  of  magnitude 
[Fig.  3(c)]. 

The  large  variation  of  the  optical  and  electrical  properties 
of  laser  ablated  DLC  films  as  a  function  of  deposition 
parameters  opens  up  the  possibility  to  utilise  these  films  in 
electronics,  either  as  active  materials  or  as  optical  or  protec¬ 
tive  coatings. 


7.  Conclusions 

LAD  is  an  attractive  preparation  method  to  realise  elec¬ 
tronic  materials.  It  is  specially  suitable  for  multicomponent 
systems  and  for  superlattices  because  of  stoichiometry 
reprodueibility  and  the  ease  with  which  layer  thickness  can 
be  adjusted.  Complicated  material  composition  and  even 
variation  of  the  composition  of  the  film  in  a  scale  of  a  unit 
cell  can  be  realised.  Good  quality  films  of  PZT  and  CIGS 
materials  show  that  LAD  is  suitable  to  make  films  consist¬ 
ing  of  both  more  and  less  volatile  compounds.  LAD  of  DLC 
is  an  example  of  its  application  to  a  very  high-melting  point 
element.  As  a  production  method  LAD  is  still  at  an  early 
stage.  There  are  problems  with  surface  quality  (because  of 
sub  micron-sized  droplets  on  the  film)  and  deposition  of 
large  areas  with  contrast  thickness. 
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Abstract 

A  plasma  activated  gas  source  molecular  beam  epitaxy  process  has  been 
developed  in  which  the  molecular  beam  is  formed  by  activating  a  methane- 
hydrogen  mixture  in  a  plasma  source.  Amorphous  carbon  growth  on  (100) 
silicon  substrates  occurs  when  the  substrate  temperature  exceeds  800  °C. 
The  growth  of  cubic  silicon  carbide  is  observed  above  880  "C.  Epitaxial 
silicon  carbide  layers  are  characterised  using  X-ray  photoemission  spectros¬ 
copy,  atomic  force  microscopy,  ellipsometry  and  Rutherford  backscatter- 
ing. 

1.  Introduction 

Cubic  silicon  carbide  (SiC)  and  diamond  are  wide  band  gap 
semiconductors  with  many  potential  applications  for  high 
frequency,  high  power  and  high  temperature  devices  [1]. 
The  basic  problem  for  the  semiconductor  applications  of 
carbon  is  the  absence  of  epitaxial  methods  for  the  growth  of 
high  quality  single  crystal  diamond  and  Si-C  alloy  films  on 
affordable  substrates  such  as  silicon.  In  recent  years, 
however,  considerable  progress  has  been  made  with  silicon 
carbide.  The  effort  to  develop  diamond  fabrication  tech¬ 
nology  has  been  substantial,  but  it  seems  that  the  growth 
methods  available  at  present  are  not  suitable  for  the  hetero- 
epitaxial  growth  of  diamond.  Due  to  the  large  bonding  and 
surface  energy  of  diamond  the  growth  does  not  proceed 
planarly  but  results  in  the  formation  of  small  crystallites  [2]. 

The  most  common  methods  for  the  growth  of  diamond¬ 
like  and  diamond  films  are  various  plasma  assisted  chemical 
vapour  deposition  (CVD)  techniques  in  which  the  precursor 
gases  are  activated  by  a  plasma.  The  pressure  during  the 
process  is  typically  quite  high  and  the  substrate  is  usually 
directly  in  contact  with  the  plasma.  The  growth  mechanism 
of  diamond  is  still  unclear  because  the  number  of  possible 
chemical  reactions  is  large  and  direct  characterisation  of  the 
growth  process  is  difficult. 

Molecular  beam  epitaxy  offers  the  potential  for  the  suc¬ 
cessful  heteroepitaxy  of  silicon  carbide  and  diamond.  In 
MBE  the  growth  occurs  in  ultra  high  vacuum  (UHV)  from 
elements  evaporated  with  thermal  sources  or  from  gaseous 
precursors.  MBE  has  several  advantages  for  the  growth  of 
carbon  films;  The  growth  at  UHV;  the  substrate  surface  can 
be  made  atomically  clean  by  heat  cleaning  methods;  the 
substrate  can  be  modified  by  using  buffer  layers;  because  the 
source(s)  and  the  substrate  are  separated,  no  metastable 
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equilibrium  is  formed  between  the  surface  and  the  vapour 
phase  and  the  chemical  reactions  on  the  surface  are  separate 
from  the  reactions  occuring  in  the  plasma;  due  to  the  good 
vacuum  electron  diffraction  methods  can  be  used  for  surface 
characterisation  during  the  growth;  and  there  are  several 
independently  controllable  parameters  available  for  the 
growth  experiments  (substrate  temperature,  substrate  bias, 
gas  flow  rates,  plasma  input  power). 

Our  aim  is  to  develop  an  MBE  method  for  the  hetero- 
epitaxial  growth  of  diamond.  SiC  could  provide  a  suitable 
substrate  for  the  growth  of  epitaxial  diamond  on  silicon. 
The  growth  of  epitaxial  SiC  on  silicon  by  MBE  has  pre¬ 
viously  been  reported  using  electron  beam  evaporation 
[3,  4]  and  hydrocarbon  gas  sources  [5,  6].  In  this  paper  we 
report  the  use  of  a  plasma  source  to  activate  the  hydrocar¬ 
bon  gas  for  the  growth  of  SiC  on  silicon. 

2.  Experimental 

A  modified  VG  Semicon  V80M  molecular  beam  epitaxy 
(MBE)  system  is  used  for  the  growth  of  carbon  containing 
layers.  A  schematic  diagram  of  the  growth  apparatus  is 
shown  in  Fig.  1.  Methane  (CHJ  and  hydrogen  (Hj)  are  used 
as  the  source  gases.  Gas  flow  rates  are  controlled  by  mass 


Fig.  1.  Schematic  diagram  of  the  plasma  assisted  MBE  growth  apparatus. 
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flow  controllers  and  the  gases  a  mixed  in  a  manifold  before 
being  injected  into  the  plasma  cell  through  a  needle  valve.  A 
plasma  activated  gas  cell  (Oxford  Applied  Research 
MPD  —  21)  is  used  as  the  carbon  source.  The  plasma  source 
consists  of  a  small  cavity  surrounded  by  the  radio  frequency 
(RF)  coil.  The  end  plate  of  the  cavity  contains  a  few  small 
apertures  (we  have  mostly  used  9  holes,  each  1  mm  in 
diameter),  through  which  the  molecular  beam  is  ejected  into 
the  growth  chamber.  The  methane-hydrogen  gas  mixture  is 
activated  in  the  cavity  using  an  RF-field.  The  substrate  is 
located  360  mm  from  the  plasma  cell  apertures,  and  it  is 
heated  by  a  resistive  heater  element.  The  substrate  tem¬ 
perature  is  monitored  by  an  optical  pyrometer  and  a  termo- 
couple  located  behind  the  substrate.  The  pumping  system  of 
the  growth  chamber  consists  of  an  oil  diffusion  pump  and 
liquid  nitrogen  cooled  cryopanels.  The  growth  chamber  is 
also  equipped  with  a  reflection  high  energy  electron  diffrac¬ 
tion  (RHEED)  system  for  in  situ  monitoring  of  the  growth. 
The  other  parts  of  our  MBE-system  consist  of  a  growth 
chamber  for  III-V  compounds  and  a  preparation  chamber. 
An  Auger  spectrometer  for  surface  analysis  and  a  quadrupo- 
le  mass  spectrometer  for  residual  gas  analysis  are  situated  in 
the  preparation  chamber. 

For  the  growth  of  SiC  75  mm  diameter  (lOO)-oriented 
silicon  wafers  are  used  as  substrates.  First  the  substrates  are 
cleaned  using  a  standard  chemical  cleaning  process.  The 
thin  native  oxide  is  removed  in  situ  by  heating  the  substrate 
above  1000  °C  in  the  growth  chamber.  The  oxide  removal  is 
observed  using  RHEED.  Mass  flow  rates  during  the  growth 
are  typically  0.35  seem  and  3.5  seem  for  methane  and  hydro¬ 
gen,  respectively.  Substrate  temperatures,  as  determined  by 
the  pyrometer,  are  varied  between  700  °C  and  970  °C. 
Typical  power  input  to  the  RF-coil  is  between  100-165  W. 
Growth  times  have  been  between  20-45  min.  After  the 
growth  sequence  the  plasma  cell  is  cleaned  with  an  oxygen 
(O2)  plasma.  The  background  pressure  in  the  MBE  chamber 
is  about  10““mbar  when  the  system  is  idling.  During  the 
growth  the  pressure  rises  to  10“"'^mbar  due  to  the  hydrogen 
background  buildup.  The  samples  have  been  characterised 
using  Rutherford  backscattering  spectroscopy  (RBS),  ellip- 
sometry,  reflection  high  energy  electron  diffraction 
(RHEED),  X-ray  photoelectron  spectroscopy  (XPS)  and 
atomic  force  microscopy  (AFM). 

3.  Results  and  Discussion 

Growth  parameters  were  varied  to  find  the  optimum  condi¬ 
tions  for  the  condensation  of  carbon  on  the  substrate 
surface.  The  crucial  parameter  turned  out  to  be  the  sub¬ 
strate  temperature.  Below  800  °C  no  growth  occurred. 
Between  800  °C  and  880  °C  a  layer  of  amorphous,  hard 
carbon  was  grown  and  above  880  °C  epitaxial  SiC  was 
formed.  The  RBS  spectrum  (Fig.  2)  of  a  sample  grown  at 
860  °C  shows  that  there  is  a  thin  overgrowth  of  carbon  on 
the  Si  substrate.  The  areal  density  of  the  carbon  atoms  is 
2.64  X  10^’  1/cm^.  The  amount  of  impurities  (for  example  N 
or  O)  is  very  low.  The  concentration  of  atomic  hydrogen 
was  not  measured. 

The  growth  of  epitaxial  SiC  occurs  when  the  substrate 
temperature  exceeds  880  °C.  Epitaxy  can  be  observed  using 
RHEED.  For  layers  grown  below  880  °C  the  RHEED 
pattern  is  spotty  and  hazy.  Above  880  °C,  however,  the 
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Fig.  2.  RBS  spectrum  of  a  carbon  layer  grown  at  860  °C  measured  using 
*^C(a,a)*^C  nuclear  resonance. 

RHEED  pattern  becomes  streaky,  bright  and  sharp  indicat¬ 
ing  the  formation  of  an  epitaxial  layer  in  a  3-dimensional 
growth  mode.  In  Fig.  3  the  RHEED  pattern  of  a  sample 
grown  at  880  °C  is  shown  in  the  <100>  direction  of  the  Si 
substrate.  The  analysis  of  the  distances  between  the  diffract¬ 
ing  planes  from  the  pattern  indicates  that  the  orientation 
between  the  SiC  layer  and  the  substrate  is 
<110>SiC||<100>Si  and  <lll>SiC||<110>Si.  The  lattice  con¬ 
stant  of  the  epitaxial  layer  obtained  from  the  RHEED 
pattern  agrees  with  that  of  SiC  within  the  experimental 
error. 

In  order  to  confirm  that  the  epitaxial  layer  is  indeed  SiC, 
the  XPS  spectrum  was  measured.  As  shown  in  Fig.  4,  the 
spectrum  shows  clearly  a  peak  at  283.20  eV  which  is  charac¬ 
teristic  of  SiC  [7].  The  XPS  spectrum  also  strong  features  at 
284.8  eV  and  286.  leV,  and  weaker  peaks  at  287.7  and 
289.2  eV,  indicating  the  formation  of  C-C  bonds.  It  is  there¬ 
fore  likely  that  some  graphite  is  also  formed  on  the  surface. 
For  comparison  the  corresponding  spectrum  for  a  graphite 
control  sample  grown  by  vacuum  evaporation  is  also 
shown.  To  gain  a  better  understanding  of  the  surface  mor¬ 
phology  of  the  SiC  layer  atomic  force  microscopy  was  used. 
The  AFM  showed  that  the  size  of  the  SiC  crystallites  ranges 
between  1 00-200  nm  and  they  are  epitaxially  oriented  along 
the  <1 10>  directions  of  the  Si  substrate.  The  thickness  of  the 
grown  layers  varies  between  10-20  nm  and  the  mean  rough¬ 
ness  is  about  2.4  nm.  The  refractive  index  measured  by 
single  wavelength  ellipsometry  is  2.8,  which  is  slightly  lower 
than  that  of  SiC  probably  due  to  the  formation  of  voids 
between  the  crystallites. 
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Fig.  3.  The  RHEED  pattern  of  a  SiC  layer  grown  at  880  °C  taken  in  the 
<100>  direction  of  the  Si  substrate. 


BINDING  ENERGY  (eV) 

Fig.  4.  XPS  spectrum  of  a  SiC  layer  grown  at  880  °C. 


The  composition  of  the  molecular  beam  coming  from  the 
plasma  cell  is  not  known.  However,  it  is  easily  shown  that 
the  activation  of  the  methane/hydrogen  mixture  is  essential 
to  the  growth.  If  the  plasma  is  turned  off,  no  growth  is 
observed  under  any  of  the  conditions  used,  in  agreement 
with  the  results  of  Kusunoki  et  al.,  who  found  that  a  CH^ 
beam  does  not  react  with  a  Si  substrate  even  at  1400  K  [5], 
Also,  it  seems  likely  that  the  carbon  containing  species  in 
the  molecular  beam  is  not  elemental  carbon,  because  under 
identical  conditions  growth  occurs  on  silicon  but  not  on 
silicon  oxide.  The  sticking  coefficient  of  carbon  cannot  be 
determined  accurately  in  our  experiments.  However,  the 
plasma  source  is  very  nearly  an  ideal  Knudsen  cell  [8]  and 
by  using  the  areal  density  of  carbon  obtained  from  RBS 
measurements,  the  lower  limit  of  the  sticking  coefficient  on 
silicon  can  be  estimated  to  be  about  0.65.  Because  some  of 
the  carbon  is  accumulated  inside  the  plasma  cavity,  it  seems 
that  the  true  value  of  the  sticking  coefficient  is  nearly  1. 

At  the  present  time  the  main  difficulty  with  our  method  is 
the  carbon  build-up  inside  the  RF  cavity.  When  the  con¬ 
ducting  layer  of  carbon  on  the  cavity  walls  becomes  suffi¬ 
ciently  thick  to  shield  the  cavity  from  the  RF  field,  the 
plasma  is  extinguished  preventing  the  growth  of  thick 
layers. 

In  conclusion,  we  have  achieved  SiC  growth  on  silicon  by 
a  plasma  assigted  MBE  process.  Our  method  shows  promise 
for  the  growth  of  SiC  and  diamond  on  Si  substrates  because 
the  growth  parameters  (the  flux  of  carbon  and  other  growth 
substituents,  the  plasma  temperature,  the  substrate  tem¬ 
perature  and  bias)  can  be  independently  controlled.  This 
may  provide  valuable  information  about  the  growth  mecha¬ 
nism  of  carbon. 
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Abstract 

Compositionally  graded,  relaxed,  n-type,  Sii_,,Ge,(  alloy  layers  have  been 
grown  on  (100)  Si  substrates;  the  main  emphasis  has  been  put  on  composi¬ 
tions  with  X  =  0.25.  It  is  found  that  for  substrate  growth-temperatures 
higher  than  ~750°C  and  a  grading  rate  of  10%  Ge/pm  relaxed 
Sio.vjGeo  j,  epitaxial  layers  of  high  structural,  optical,  and  electrical 
quality  can  be  grown.  The  layers  are  characterized  by  channeling  param¬ 
eters  close  to  expected  bulk  values,  a  threading  dislocation  density  of 
~5  X  lO’cm"^,  and  strong  near-band  gap  luminescence.  Electrical  mea¬ 
surements  have  revealed  Hall  mobilities  simitar  to  published  bulk  values 
and  concentrations  of  electrically  active  deep  levels  <2  x  10“  cm"*.  The 
surface  morphology  is,  however,  strongly  influenced  by  the  grading  pro¬ 
cedure  which  produces  a  high  degree  of  cross-hatching. 

1.  Introduction 

SiGe  alloy  layers  have  lattice  constants  which  are  up  to  4% 
larger  than  the  one  for  Si  depending  on  the  composition. 
Sufficiently  thin  Sii_,jGe^  layers  can  grow  pseudo- 
morphically,  and  thus  strained,  onto  a  silicon  substrate.  If 
the  layer  thickness  excedes  a  composition-dependent  critical 
thickness,  however,  it  relaxes  structurally  by  the  intro¬ 
duction  of  dislocations  having  misfit  segments  parallel  to 
the  interface  and  threading  segments  through  the  epitaxial 
layer  [1].  Threading  segment  densities  of  ~10“cm“^  are 
formed  for  Sii_^Ge^  with  x  =  0.25  [2],  rendering  this 
material  useless  for  most  applications.  For  a  Sio.75Geo.25 
layer  the  critical  thickness  is  ~  500  A. 

Recently,  however,  it  has  been  shown  that  relaxed,  epi¬ 
taxial  Sii  _;(Ge^  layers  of  any  composition  can  be  grown  on 
(l(X))-Si  substrates  with  a  very  low  density  of  threading  dis¬ 
locations  by  molecular  beam  epitaxy  (MBE)  or  chemical 
vapour  deposition  (CVD)  [3,  4] ;  threading  dislocation  den¬ 
sities  between  1  x  10“^  and  1  x  10®cm”^  in  the  top  layer 
have  been  reported.  This  has  been  achieved  by  growing  the 
top  layer  of  the  required  composition  on  a  compositionally 
graded  buffer  layer  in  which  the  Ge  content  has  been 
increased  gradually.  The  reduction  of  the  density  of  thread¬ 
ing  dislocations  from  ~10^^  to  ~10‘*cm“^  for  a 
Sio.75Geo.25  layer  by  the  compositional  grading  procedure 
is  explained  as  a  consequence  of  a  self-adjustment  of  the 
dislocation  multiplication  sources  in  the  Sij  _,jGe,ySi  hetero- 


epitaxial  system,  resulting  in  an  increased  probability  for  the 
threading  dislocations  to  annihilate  [5]. 

Due  to  their  potential  use  for  the  fabrication  of  novel 
devices  as  well  as  for  studies  of  bulk  properties  of  unstrained 
Sii_.,Gej  alloys  these  epitaxial  layers  have  received  a  great 
deal  of  attention.  Lattice-matched  III-V  layers  on  Si  chips 
have  already  been  grown  with  these  relaxed  buffer  layers  as 
templates  [4],  and  very  high  electron  mobility,  two- 
dimensional  electron  gas  has  been  achieved  in  Si  by  growing 
on  a  relaxed,  graded  SiGe  buffer  on  Si  [6,  7]. 

In  the  present  article  we  report  on  the  characterization  of 
epitaxial,  compositionally  graded  Sii-^Ge^^  grown  by 
molecular  beam  epitaxy  (MBE).  The  main  emphasis  will  be 
put  on  compositions  with  x  =  0.25,  which  are  either  unin¬ 
tentionally  or  n-type  doped.  A  number  of  experimental  tech¬ 
niques  have  been  utilised  reveiling  structural,  optical,  and 
electrical  information. 

2.  Experiment 

The  Sii_iGej  epilayers  were  grown  by  MBE  on  100  mm 
(1(X))  Si  substrates  in  a  VG  Semicon  V80  system.  The  base 
and  growth  pressures  were  5  x  10““  and  about  5  x  10“^° 
Torr,  respectively.  The  total  (Si  plus  Ge)  growth  rate  of 
5  A/s  was  maintained  constant  throughout  all  the  growth 
procedures  whereas  the  substrate  temperature  was  varied 
between  540  and  850  °C.  A  silicon  buffer  layer  of  thickness 
1  pm  was  first  grown  followed  by  the  growth  of  the  graded 
buffer  layer  with  a  starting  Ge  content  of  about  0.2%,  and 
with  a  Ge  grading  rate  of  10%  Ge/pm.  The  thickness  of  the 
top  uniform  layer  was  3-4  pm  and  the  top  layer  was  either 
unintentionally  doped  in  which  case  it  was  n-type  with  a 
carrier  concentration  <2  x  lO^'^cm”^  or  n-type  doped  with 
Sb  to  a  concentration  of  ~1  x  10^®cm“^.  The  composi¬ 
tions  of  the  layers  were  determined  by  Rutherford  back- 
scattering  spectrometry  (RBS)  using  2-MeV  He  -ions.  The 
crystalline  quality  of  the  SiGe  layers  was  studied  by  RBS/ 
channeling,  planar  and  cross  sectional  transmission  electron 
microscopy  (TEM)  using  a  Philips  CM  20  microscope  oper¬ 
ating  at  200  kV,  and  Schimmel  etch-pit  test.  The  optical 
properties  were  investigated  by  photoluminescence  (PL) 


Physica  Scripta  T54 


Growth  and  Characterization  of  Compositionally  Graded,  Relaxed  St^^^^Ge^  209 


using  an  Ar*  ion  laser  with  an  excitation  power  between 
S-SOmW/mm^;  the  samples  were  mounted  stress-free  and 
were  immersed  in  liquid  helium,  T  =  4.2K;  the  PL  spectra 
were  recorded  with  a  Nicolet  60SX  Fourier  transform  spec¬ 
trometer  fitted  with  a  North  Coast  Ge  diode  detector.  Hall 
mobilities  were  measured  by  the  van  der  Pauw  method  in 
the  temperature  range  from  80  to  300  K  on  specially  grown 
samples  in  which  the  n-type  top  layer  was  separated  from 
the  graded  buffer  layer  by  a  pn-junction;  Au(99%)/Sb(l%) 
alloy  contacts  were  evaporated  in  the  corners  of  the  square 
samples.  Deep  level  transient  spectroscopy  (DLTS)  with  a 
SemiTrap  DLS82  instrument  was  used  to  measure  the  con¬ 
centration  of  electrically  active  deep  centers  in  the  band  gap. 
Diodes  for  DLTS  were  fabricated  either  by  mesa-etching 
samples  which  had  been  terminated  by  the  growth  of  a 
0.5  pm  B-doped  Sio.75Geo.25  p"^ -layer  or  by  Pd-evaporation 
through  a  diode  forming  mask  followed  by  a  sintering  at 
about  300  °C  for  20  s;  the  diodes  were  evaluated  by  mea¬ 
surements  of  current-voltage  and  capacitance-voltage  char¬ 
acteristics  prior  to  the  DLTS  measurements.  Finally,  the 
surface  morphology  of  the  layers  was  studied  by  atomic 
force  microscopy  (AFM)  in  air  with  a  Rasterscope  3000 
instrument. 

3.  Results  and  discussion 

Figure  1  shows  an  example  of  a  cross-sectional  two-beam 
TEM  image  of  a  Sio.75Geo.25  layer  grown  at  550  °C.  The 
2.5  pm  thick  compositionally  graded  layer  with  the  high 
density  of  misfit  dislocations  can  be  easily  distinguished 
from  the  3  pm  thick  “dislocation  free”  uniform  top  layer;  the 
characterization  of  the  layer  as  being  dislocation  free  should 
be  taken  with  caution  as  TEM  is  not  sensitive  to  dislocation 
densities  less  than  ~10®cm“^.  To  get  a  better  estimate  of 
the  dislocation  density  we  used  the  Schimmel  etch-pit  test 
which  revealed  dislocation  densities  of  ~5  x  lO^cm"^.  It 
should  be  noted  that  the  etch-pit  test  is  also  subjected  to  a 
large  uncertain  due  to  the  rough  surface  morphology  of  the 
layers  (see  later).  In  this  way  the  samples  which  are  dis¬ 
cussed  in  the  following  have  been  estimated  to  contain 
~5  X  10® cm dislocations. 

Channeling  angular  scans  of  unintentionally  doped 
Sio.75Geo.25  alloy  layers  grown  at  different  temperatures  are 


Fig.  1.  Cross-sectional  TEM  micrograph  of  a  Si^  75060  25  structure  grown 
at  550  °C.  The  compositional  graded  layer  is  2.5  pm  thick,  and  the  top  layer 
3  pm. 


TILT  ANGLE  [DEGREESl 

Fig.  2.  Channeling  angular  scans  around  the  <100>-direction  measured 
with  2-MeV  He'^  particles.  Virgin  Si  (•),  Sio.75Geo.25  grown  at  540 °C  (O), 
750  “C  (V),  and  850  °C  (□). 


displayed  in  Fig.  2  together  with  an  angular  scan  of  a  virgin 
Si  crystal;  the  results  are  collected  in  Table  I.  The  scans 
were  measured  in  a  narrow  depth-window  of  500  A  at  a 
depth  of  ~  1000  A.  Whereas  the  scans  of  the  samples  grown 
at  750  and  850  °C  resemble  the  one  for  virgin  Si,  the  scan  of 
the  550°C-sample  is  sharpened  at  small  tilt  angles  and 
broadened  at  larger  tilt  angles.  The  broad  feature  might 
appear  as  a  consequence  of  a  mosaic  structure  in  the  top 
layer  caused  by  the  network  of  misfit  dislocation  in  the 
graded  layer  as  previously  reported  for  similar  samples 
grown  at  500-560  °C  [2].  If  a  mosaic  structure  is  assumed 
to  cause  the  broadening,  the  mosaic  angular  spread  can  be 
estimated  from  the  measured  critical  angles  of  Table  1, 
assuming  a  gaussian  distribution  of  the  angular  spread;  this 
results  in  an  angular  spread  of  ~0.5°.  However,  the  form  of 
the  scan  cannot  be  explained  alone  by  a  mosaic  structure;  a 
more  complicated,  and  at  present  unknown,  defect-structure 
results  in  the  sharpening  of  the  scan.  It  should  be  noted  that 
TEM  of  samples  grown  at  550  °C  did  not  reveal  any  defects. 
The  expected  value  of  1I/1/2  for  virgin  Si  is  0.45°  [8]  in  agree¬ 
ment  with  the  measured  value,  and  for  Ge  0.57°  [8].  A  inter¬ 
polation  for  Sio.75Geo.25  gives  0.47°  which  agrees  well  with 
the  measured  value  of  0.46°  of  the  850°C-sample;  the  value 
of  the  750°C-sample  is,  however,  significantly  smaller.  This 
narrowing  could  be  due  to  a  composition  modulation  in 
depth  in  which  the  Ge  concentration  varies  between  0.20 
and  0.30  with  a  period  of  about  50  A.  Such  a  composition 
modulation  has  been  observed  for  growth  temperatures 
below  750  °C  and  is  due  to  the  geometrical  arrangement  of 
the  e-guns  in  the  MBE  growth  chamber.  A  narrowing  could 


Table  I.  Results  from  2-Mev  He*  channeling  measurements, 
X„i„  is  measured  along  the  <700>  direction  and 
critical  angle  for  channeling  in  the  (^lOOy-direction 


Sample 

Xmin 

'I'm 

Virgin  Si 

3-5  +  0.5% 

0.44  ±  o.or 

^*0.7S^®0.25  »  *^g  ”  ^ 

25.8% 

~0.6° 

^^0.75^®0.25  »  ^ 

4.2  ±  0.5% 

0.42  +  0.01° 

^^0.75^®0.25  »  "^g  ~  ^ 

3.8  ±  0.5% 

0.46  +  0.01° 
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also  be  the  result  of  a  weak  mosaic  structure  giving  rise  to 
some  minor  dechanneling  without  any  broadening  of  the 
angular  scan;  this  would  be  in  agreement  with  the  slightly 
larger  Xmm  value  observed  for  the  750  °C  sample  compared 
to  the  850  °C  sample.  Nevertheless,  it  can  be  concluded  that 
for  a  growth  temperature  of  850  °C  there  is  no  indication  of 
a  mosaic  structure  with  an  angular  spread  of  more  than 
~0.1°  which  is  the  detection  limit  of  the  present  experiment. 

The  influence  of  the  growth  temperature  on  the  photolu¬ 
minescence  is  shown  in  Fig.  3.  The  PL  measurements 
reported  here  were  done  on  samples  from  the  same  wafers 
as  were  used  for  the  channeling  measurements.  The  PL 
spectra  of  the  Sio.75Geo.25  grown  at  temperatures  higher 
than  750  °C  are  dominated  by  two  peaks  which  are 
described  as  a  no-phonon  transition  (NP)  and  its  transverse 
optical  (TO)  Si-Si  phonon  replica  according  to  their  separa¬ 
tion  in  photon  energy.  These  peaks  labeled  and  in 
Fig.  3(b)  and  (c)  have  been  interpretated  as  excitons  bound 
to  unintentionally  incorporated  shallow  impurities  in  SiGe 
alloys  [9,  10].  In  addition  to  this  near-band  gap  lumines¬ 
cence  the  D-bands,  D1-D4,  which  are  related  to  impurity¬ 
decorated  dislocations  [11,  12],  show  up  in  the  PL-spectra 
of  the  SiGe  layers  grown  at  temperatures  higher  than  750°C, 
Fig.  3(b)  and  (c).  The  photon  energies  of  the  D-bands  are 
reported  to  decrease  in  Sii_,,Ge,j  with  increasing  x  [13,  14]. 
Due  to  different  shift  rates  with  the  Ge-composition  the 
D2-and  D3-bands  overlap  at  x  ^  20%  [12];  as  a  conse¬ 
quence  the  D2  band  in  Fig.  3(b)  is  broadened  as  the  less 
intense  D3-band  overlaps.  The  spectral  positions  of  the 
D-bands  recorded  in  spectra  (c)  and  (b)  give  evidence  that 
the  underlying  dislocations  are  located  in  the  Sio.75Geo.25- 
layer.  Compared  with  the  spectra  of  the  750  and  850  °C 
samples  the  luminescence  signal  of  the  540  °C  sample  shown 
in  Fig.  3(a)  is  very  weak.  It  consists  of  two  broad  overlap¬ 
ping  bands  centered  at  1.0  eV  and  0.79  eV.  The  latter  one 


Photon  energy  (meV) 

Fig.  3.  Photoluminescence  spectra  of  three  unintentionally  doped 
Sio.vsGep  25  samples  grown  at  (a)  540 °C,  (b)  750  °C,  and  (c)  850 °C.  The 
spectra  were  excited  with  the  488  nm  line  of  an  Ar*  ion  laser  and  an  excita¬ 
tion  power  of  20mW/mm^. 


continues  beyond  the  low  frequency  cut-off  of  the  Ge- 
detector.  The  observation  of  a  similar  broad  band  in  fully 
strained  epitaxial  SiGe  alloys  grown  at  600  °C  has  been 
reported  in  the  literature  and  has  been  related  to  small 
interstitial-type  platelets  [15].  This  would  be  consistent  with 
the  lack  of  any  observable  defects  by  TEM  in  samples 
grown  at  550  °C.  The  absence  of  well  resolved  near-band 
gap  luminescence  in  Fig.  3(a)  indicates  a  rather  low  quality 
of  the  sample  grown  by  MBE  at  540  °C  in  agreement  with 
the  channeling  results. 

An  example  of  a  DLTS  spectrum  of  an  unintentionally 
doped  Sio.75Geo.25  layer  grown  at  750  °C  is  given  in  Fig.  4. 
The  sample  has  been  cut  from  the  same  wafer  as  was  used 
for  the  channeling  (Fig.  2)  and  PL  (Fig.  3)  measurements. 
The  n-type  doping  was  derived  by  capacitance-voltage  (CV)- 
measurements  to  be  2  x  10^‘*^cm“^.  Due  to  the  small  thick¬ 
ness  of  the  top  Sio.75Geo.25  layer  of  4 pm  a  reverse  voltage 
of  only  —1.5  V  could  be  used  before  the  depletion  layer 
extended  into  the  graded  buffer  layer.  The  broad  peak  cen¬ 
tered  around  180K  is  probably  due  to  dislocations  deco¬ 
rated  with  impurities.  The  very  low  observed  deep  level 
concentration  ^2  x  10“  cm“^  is  in  agreement  with  the  low 
concentration  of  impurity-decorated  dislocations  observed 
by  PL  which  is  sensitive  to  impurities  decorating  dis¬ 
locations  at  concentrations  higher  than  ~1  x  10“cm"^ 
[16].  An  increase  of  the  growth  temperature  to  850  °C  did 
not  result  in  a  significant  change  of  the  deep  level  concentra¬ 
tion.  We  have,  however,  observed  that  an  Sb  doping  from 
an  effusion  cell  results  in  an  increased  concentration  of  deep 
levels;  for  an  Sb  doping  level  of  1-5  x  10*®Sb/cm^  a  deep 
level  concentration  of  ~1  x  10“ cm is  found;  we  are  pre¬ 
sently  investigating  possible  reasons  for  this. 

The  Hall  mobility  of  a  Sio  75Geo.2s  sample  grown  at 
750  °C  and  doped  to  1  x  10“  Sb/cm^  is  shown  in  Fig.  5  as  a 
function  of  temperature.  The  room  temperature  value  of 
300cm^/Vs  is  in  good  agreement  with  a  literature  value  of 
350cm^/Vs  [17].  An  increase  of  the  mobility  of  about  20% 
at  low  temperature  was  observed  upon  a  furnace  annealing 
at  900  °C  for  15  min.  This  is  in  agreement  with  PL  measure¬ 
ments  of  highly  doped  layers  revealing  a  broad  lumines¬ 
cence  peak  centered  around  0.9  eV  which  disappears 
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Fig.  4.  DLTs  spectrum  of  an  unintentionally  doped  Sig  75GeQ  25  Schottky 
diode  grown  at  750  °C.  The  n-type  doping  concentration  was 
2  X  10** cm"^.  The  spectrum  was  measured  with  a  repetition  frequency  of 
250  Hz  and  a  pulse  width  of  50  ps. 
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Fig.  5.  Hall  mobility  as  a  function  of  temperature  for  a  Si^  75Geo  25  sample 
grown  at  750  °C  doped  to  1  x  10’*Sb/cm^.  The  full  curve  is  a  preliminary, 
theoretical  estimate  based  on  Brooks  theory. 

following  a  furnace  annealing  at  900  °C  for  30  min.  The  tem¬ 
perature  dependence  is  well  described  by  the  Brooks  theory 
which  includes  the  effect  of  alloy  scattering  [18]. 

Three-dimensional  AFM  images  of  typical  surface  mor¬ 
phologies  of  Sii_^Ge^  films  grown  at  550  and  7.50  °C  are 
shown  in  Fig.  6.  In  both  images  clear  cross-hatch  patterns  in 
the  <110>-directions  are  apparent.  The  surface  morphology 
is  slightly  smoother  in  the  750°C-grown  samples,  and  the 
surface  roughness  as  measured  by  the  root-mean-square 
roughness  is  also  smallest  for  the  750  °C  grown  sample. 


Fig.  6.  AFM  images  of  two  Sip  75000  jj  samples  grown  at  (a)  550°C  and 
(b)  750  °C.  The  scanned  area  is  17.5  x  17.5  pm^  in  both  (a)  and  (b)  and  the 
z-scale  (black  to  white)  81.1  nm  in  (a)  and  53.8  nm  in  (b). 


7.6  nm  compared  to  13.6  nm  for  the  550  °C  grown  sample. 
Thus,  an  increase  of  the  growth  temperature  from  550  to 
750  results  in  halving  of  the  surface  roughness.  The  appear¬ 
ance  of  these  cross-hatch  patterns  on  the  surface  of  com¬ 
positionally  graded,  epitaxial  layers  is  presently  being 
discussed  as  a  result  of  the  misfit-dislocation  pattern  in  the 
compositionally  graded  layer  separated  from  the  surface  by 
4  pm  of  defect-free  material  [19,  20] :  the  surface  morphol¬ 
ogy  is  expected  to  arise  from  a  combination  of  both 
dislocation-induced  mechanical  shears  of  the  surface  and 
from  growth  phenomena  controlled  by  local  strain  fields 
associated  with  misfit  dislocations. 


4.  Conclusion 

Compositionally  graded,  relaxed  Sio.75Geo.25  grown  by 
MBE  has  been  characterized  by  a  combination  of  comple¬ 
mentary  analytical  techniques.  It  is  demonstrated  that 
relaxed  Sio.75Geo.25  of  high  structural,  eletrical,  and  optical 
quality  can  be  grown  at  temperatures  higher  than  about 
750  °C.  The  surface  of  these  layers,  however,  is  dominated 
by  a  cross-hatch  pattern  with  a  roughness  of  ~8nm.  For 
future  use  of  this  material  for  devices  the  issue  of  how  to 
avoid  this  cross-hatch  pattern  has  to  be  addressed. 
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Abstract 

Sij  _,Ge^  layers  were  formed  through  high-dose  germanium  ion  implanta¬ 
tion  into  (100)Si  substrates.  Two  alternative  implantation  techniques  along 
with  that  of  the  single-energy  Ge^  implantation  were  separately  adopted: 
the  double-energy  Si^  and  Ge*  method,  and  the  double-energy  Ge*  and 
Ge**  method.  The  purpose  of  the  both  double-energy  methods  was  to 
form  deeper  amorphous  layers  by  using  relatively  low-dose  Si*  or  Ge** 
ion  bombardment  while  the  SiGe  alloy  layers  were  created  by  high  dose 
Ge*  ion  implantations.  Furthermore,  all  the  amorphized  samples  were  epi- 
taxialy  regrown  by  conventional  furnace  annealing  at  temperature  of  525  to 
600  °C.  RBS  channeling  spectroscopy  was  used  for  optimizing  these 
implantation  processes.  Measurements  confirm  that  the  double-energy  Ge* 
and  Ge*  *  method  is  optimum  because  of  generating  fewer  residual  defects. 
Additionally,  the  preliminary  result  on  the  regrowth  properties  of  the 
double-energy  Ge*  and  Ge*  *  implanted  SiGe  layer  is  also  presented. 

1.  Introduction 

Recently,  the  Sii_j(Ge^/Si  heterojunction  materials  have 
been  a  focus  of  research  because  they  greatly  enhance  the 
speed  and  flexibility  of  silicon  and  are  compatible  with  exist¬ 
ing  silicon  technology  rather  than  replacing  it.  Using  molec¬ 
ular  beam  epitaxy  (MBE)  and  chemical  vapor  deposition 
(CVD),  the  cut-oflf  frequency  of  the  Sii-j^Ge,.  base  hetero¬ 
junction  bipolar  transistors  (HBT)  has  jumped  from  75  GHz 
in  1989  to  the  present  110  GHz  [1,  2],  Typically,  MBE  and 
CVD  have  compositionally  abrupt  interfaces,  but  recent 
HBT  studies  suggest  that  compositionally  graded  structures 
may  have  advantages  for  some  applications  [1,  3].  Within 
this  consideration,  an  approach  has  been  proposed  to  use 
high  dose  germanium  ion  implantation  into  a  single  crystal 
silicon  [4-9].  The  resulting  germanium  distribution  in  the 
silicon  near-surface  region  is  Gaussian  in  shape,  and  the  tail 
of  the  germanium  profile  extends  beyond  the  base  region. 
Numerical  simulations  indicate  that  if  the  position  of  the 
germanium  profile  is  chosen  properly,  the  high  current  gain 
is  achievable  also  in  the  case  of  the  germanium  implantation 
[10].  Furthermore,  this  technology  offers  the  opportunity  to 
use  Sii_;tGe;t  in  a  selective  area. 

In  this  work  we  will  represent  RBS  channeling  results  on 
solid  phase  eptitaxy  (SPE)  of  Sii-^-Ge^^  layers  that  were 
amorphized  by  either  the  double-energy  Si’^  and  Ge^ 
implantation  or  the  double-energy  Ge'*'  and  Ge'*"^  implan¬ 
tation  as  well  as  the  usual  single-energy  Ge"*"  implantation. 
In  addition,  the  preliminary  results  will  be  also  presented  to 
reveal  the  regrowth  properties  of  the  double-energy  Ge’^ 
and  Ge'^  implanted  sample. 

2.  Experimental 

2.1.  Sample  preparation 

Cz-grown  n-type  1-6  Q  cm  Si  wafers  of  <100>  orientation 
were  used  throughout  the  experiments.  The  single-energy 


Ge  implantation  was  performed  with  ISOkeV  Ge'*'  ions  at  a 
dose  of  3.8  x  10^®cm“^.  In  regard  to  the  double-energy  Si'*' 
and  Ge^  implantation,  the  wafer  was  implanted  first  by 
ISOkeV  Si'*'  ions  at  a  dose  of  1.0  x  lO^^crn”^,  and  then  by 
ISOkeV  Ge"^  ions  at  a  dose  of  4.7  x  lO^^crn'^.  Similarly, 
the  double-energy  Ge"^  and  Ge^"^  implantation  adopted  a 
similar  Ge"^  implantation  as  the  former  except  that  the 
Ge^"*^  implantation  of  360  keV  is  at  a  dose  of 
4.0  X  lO^^cm”^.  The  main  purpose  of  the  both  double¬ 
energy  implantation  methods  employing  Si"^  and  Ge^"^ 
implantations  was  to  form  deeper  amprphous  layers  while 
the  SiGe  alloy  layers  were  created  by  ISOkeV  Ge"^  ion 
implantations.  For  suppressing  the  dynamic  annealing  effect 
which  has  been  known  to  be  detrimental  for  rec¬ 
rystallization  of  implanted  layers,  the  amorphization 
implantation  beam  power  densities  used  were  less  than 
0.09  W/cm^  for  the  high  dose  Ge"^  implantation  and  less 
than  0.46  W  for  the  relatively  low  dose  Si"^  or  Ge 
implantation  [11].  The  corresponding  wafer  temperatures 
during  the  implantation  were  less  than  200  °C  and  380  °C, 
respectively.  Solid  phase  epitaxial  regrowth  employing  con¬ 
ventional  furnace  annealing  processes  was  used  to  crystallize 
the  amorphous  layers. 

2.2.  Measurement  techniques 

The  implanted  samples  were  characterized  by  Rutherford 
Backscattering  Spectroscopy  (RBS)  channeling  measure¬ 
ments,  which  were  carried  out  using  a  standard  setup  of  a 
NEC  1.7  MV  Tandem  Pelletron  Model  5SDH-2  accelerator. 
The  2000  keV  “^He  -I-  analysing  ion  beam  had  angular  beam 
divergence  of  less  than  0.05  degrees,  beam  spot  size  of 
Imm^  and  a  beam  current  of  25  nA  on  the  sample  at 
normal  incidence.  The  backscattered  ions  were  detected  at  a 
170  degrees  angle  from  a  100  mm  distance  of  the  measured 
sample  at  normal  incidence  by  a  standard  50  mm^  silicon 
surface  barrier  detector  with  an  energy  resolution  of  13  keV. 
With  a  separate  detector  connected  to  a  single  channel 
analyser,  the  ion  doses  were  measured  by  counting  the 
backscattering  yield  from  a  tantalum  coated  beryllium  beam 
chopper  rotating  in  the  analyzing  beam.  The  conversion 
from  the  beam  chopper  counts  to  ion  beam  dose  was  done 
to  standard  reference  samples  with  known  composition.  The 
aligned  measurements  were  performed  along  the  <100> 
direction.  The  alignment  was  adjusted  by  a  high  precision 
two  axis  computer  controlled  stepper  motor  driving  chan¬ 
neling  goniometer.  Counting  rates  and  channeling  ratio 
were  determined  directly  from  the  spectra  measured  by  the 
multichannel  analyser  (MCA). 

The  RBS  spectra  were  solved  numerically  by  the  simula¬ 
tion  program  GISA-3  developed  at  the  Technical  Research 
Centre  of  Finland  [13].  RBS  spectra  for  both  random  and 
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channeled  orientations  of  the  measured  samples  were  solved 
numerically.  For  the  channeled  spectrum,  the  amount  of 
dechanneling  is  evaluated  from  the  multiple  scattering 
model  [15],  Three  parameters  were  needed  for  the  crystal 
characterization  and  four  parameters  for  the  modelling  of 
the  damage  distribution.  The  crystal  quality  was  character¬ 
ized  by  the  minimum  yield,  dechanneling  factor  and  the 
interatomic  spacing  between  the  crystal  layers  on  the  chan¬ 
neling  direction.  In  order  to  have  an  excellent  agreement 
between  the  Monte  Carlo  simulations  performed  by  the 
TRIM-91  program  [16,  17]  and  the  GISA-3  spectrum 
analysis  the  stopping  power  formulation  and  parameters  for 
the  GISA-3  were  adopted  from  the  TRIM-91  program  code. 
In  addition,  the  stopping  power  values  used  for  the  GISA 
calculations  for  the  incoming  path  of  the  projectile  ions 
were  modified  by  a  multiplier  (approximately  0.75)  in  order 
to  take  the  channeling  effect  in  account.  For  the  channeling 
spectra  of  the  damaged  crystal  samples  the  defect  distribu¬ 
tion  was  calculated  from  two  jointed  Gaussian  distribution 
functions. 

3.  Results  and  discussion 

With  a  single-energy  Ge"*"  implatation,  the  Ge  distribution 
in  a  Ge  implanted  Sij  alloy  layer  is  defined  mainly  by 
the  projected  ion  energy  and  dose,  and  the  generated 
amorphous  layer  thickness  is  also  determined  by  these  two 
parameters  if  dynamic  annealing  during  implantation  is  rep¬ 
ressed.  The  regrowth  of  the  amorphous  layer  is  known  to 
occur  by  the  motion  of  the  amorphous/crystalline  (a/c) 
interface  (not  by  the  nucleation  of  new  crystals  within  the 
amorphous  layer)  and  usually  defects  classified  as  end-of- 
range  (EOR)  damage  beyond  the  a/c  interface  are  associated 
with  the  SPE  growth  of  the  amorphous  layer  [12].  If  the  Ge 
profile  maximum  is  near  the  a/c  interface  and  a  p-n  junction 
is  located  around  the  Ge  profile  maximum  in  order  to 
satisfy  the  SiGe/Si  bandgap  engineering  [10],  the  residual 
end-of-range  (EOR)  damage  beyond  the  orginal  a/c  inter¬ 
face  after  regrowth  can  significantly  degrade  the  device  per¬ 
formance  due  to  remarkable  reverse  bias  leakage  currents. 
One  solution  for  reducing  the  influence  from  the  leakage 
caused  by  EOR  damage  is  to  widen  the  spatial  separation 
between  the  Ge  profile  maximum  and  the  original  a/c  inter¬ 
face  by  using  further  Si'^  or  Ge"^  implantation  to  make  the 
a/c  interface  much  deeper  [11]. 

As  shown  in  Fig.  1(a),  the  RBS  spectra  reveals  that  further 
Ge'*"^  implantation  of  the  double-energy  Ge'^  and  Ge^^ 
implantation  locates  the  a/c  interface  to  a  deeper  position  of 
390  nm  while  the  single-energy  Ge"^  implantation  with  a 
corresponding  ion  energy  results  in  a  265  nm  deep  a/c  inter¬ 
face  and  a  Ge  profile  maximum  at  depth  of  125  nm.  An 
excellent  agreement  was  found  with  the  GISA-3  spectrum 
synthesis  (solid  line)  and  the  experimental  spectra  (circle). 
Also  the  RBS  spectra  were  readily  converted  to  plots  of  con¬ 
centration  vs.  depth  by  the  GISA-3  program  code,  as  shown 
in  the  inset  of  the  Fig.  1(a).  With  the  GISA-3  treatments  the 
measured  Ge  distribution  is  Gaussian  in  shape  with  a  pro¬ 
jected  range  of  125  nm,  FWHM  of  43  nm,  and  the  Ge  peak 
content  of  8.9%.  These  results  are  very  well  consistent  with 
the  TRIM-91  simulations  demonstrated  in  the  Fig.  1(b), 
where  the  implantation  was  simulated  by  only  implanting 
ISOkeV  Ge  ions  with  a  dose  of  4.7  x  10^^cm“^  into  a  Si 
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Fig.  I.  (a)  Aligned  <100>  channeling  spectrum  (filled  circles)  of  the  sample 
amorphized  by  the  double-energy  Ge"^  and  Ge'^'*'  implantation,  while  the 
solid  line  is  a  fit  with  the  GISA-3  program.  The  positions  of  the  Ge  profile 
peak  and  the  a/c  interface  are  shown  in  the  upper  part  of  the  figure.  Also 
shown  in  the  inset  is  the  calculated  Ge  distribution,  (b)  A  Ge  depth  dis¬ 
tribution  simulated  by  full  recoil  cascade  TRIM-91  Monte  Carlo  calcu¬ 
lations  of  lOCXX)  primary  ions.  In  calculations  the  displacement  energy  and 
the  lattice  bonding  energy  of  Si  were  taken  as  15  V  and  1  eV,  respectively. 

substrate.  The  projected  range,  the  longitudinal  straggling 
and  the  Ge  peak  content  are  126  nm,  43  nm  and  8.3%, 
respectively.  Clearly,  this  implanted  Ge  profile  is  mainly 
determined  by  the  Ge'^  impalntation  procedure  not  by 
Ge''"'^  because  of  the  relatively  high  dose  of  Ge'*'.  For  the 
double-energy  Si''^  and  Ge”^  implanted  sample,  RBS  chan¬ 
neling  measurements  (not  shown)  confirm  that  the  a/c  inter¬ 
face  is  at  depth  of  about  340  nm  while  the  Ge  profile 
maximum  is  at  depth  of  125  nm. 

Figure  2  shows  annealing  properties  of  the  samples 
implanted  by  three  different  methods:  Single-energy  Ge'*' 
implantation,  double-energy  Si"^  and  Ge^  implantation, 
and  double-energy  Ge"^  and  Ge"^"^  implantation.  After  SPE 
at  600 °C  for  1440  minutes  the  double-energy  Ge"*"  and 
Ge'^'^  implanted  sample  shows  the  best  recrystallization 
quality  among  the  three  implantations  with  the  lowest  chan¬ 
neling  yield.  The  minimum  channeling  yields  for  Si  and  Ge 
in  the  regrown  region  are  4.5%  and  5.3%,  respectively.  A 
slight  increase  of  channeling  counts  can  be  found  at  depth  of 
about  390  nm  corresponding  to  the  orginal  a/c  interface 
shown  in  Fig.  1,  which  confirms  that  EOR  damage  was 
remained  there.  For  the  sample  implanted  by  the  double¬ 
energy  Si'^  and  Ge"^  ions  the  minimum  channeling  yields  for 


Physica  Scripta  T54 


214  J.  Saarilahti,  Z.  Xia,  H.  Ronkainen,  P.  Kuivalainen  and  I.  Suni 


Fig.  2.  Aligned  <100>  channeling  spectra.  A;  double-energy  Ge'^  and 
Ge'^'^  implantation;  B:  double-energy  Si^  and  Ge'*'  implantation;  C: 
single-energy  Ge"^  implantation;  and  D;  random  spectrum  of  A.  All  the 
samples  were  annealed  at  600  °C  for  1440  minutes. 

Si  and  Ge  in  the  regrown  region  have  been  increased  to 
7.7%  and  11.6%,  respectively.  In  addition,  the  channeling 
counts  of  this  sample  are  strongly  raised  beyond  the  back- 
scattering  ion  energy  of  lOOOkeV  corresponding  to  the  orig¬ 
inal  a/c  interface,  which  indicates  that  much  more  EOR 
defects  remained  beyond  the  a/c  interface  after  SPE.  The 
channeling  spectrum  of  the  sample  implanted  by  the  single¬ 
energy  Ge"^  ions  shows  the  worst  recrystallization  with 
respect  to  the  two  double-energy  implantation  methods 
with  the  minimum  yield  for  Si  in  the  regrown  region  larger 
than  8.0%  and  even  more  EOR  defects  remained  near  the 
a/c  interface.  Therefore,  these  results  lead  to  the  conclusion 
that  the  double-energy  Ge^  and  Ge"^"^  implantation 
method  is  optimum  with  fewer  residual  defects  and  wider 
spatial  separation  between  the  Ge  profile  maximum  and  the 
original  a/c  interface. 

In  order  to  understand  the  regrowth  behavior  of  the 
sample  implanted  by  double-energy  Ge"*^  and  Ge’^’*’  ions, 
this  sample  was  cut  into  pieces  and  then  individually 
annealed  with  different  annealing  temperature  and  time 
combinations.  RBS  channeling  spectra  shown  in  Fig.  3  illus¬ 
trate  the  progress  of  the  a/c  interface  in  some  annealing  con¬ 
ditions.  Table  I  further  shows  the  annealing  conditions,  the 
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Fig.  3.  Aligned  <100>  spectra  of  the  double-energy  Ge^  and  Ge'^'^  ion 
implanted  sample  showing  the  layer  regrowth  by  SPE. 


Table  I.  Regrowth  behavior  of  the  double-energy  Ge*  and 
Ge**  implanted  sample 


SPE 

a/c  Depth  (nm) 

Regrowth  rate  (nm/min) 

As-implanted 

390.0 

0.00 

525  °C  100  min 

253.8 

1.37 

550  °C  40  min 

262.4 

3.22 

575  °C  35  min 

192.7 

5.67 

600  °C  9  min 

253.8 

15.27 

RBS  measured  a/c  depth,  and  the  estimated  regrowth  rate. 
The  regrowth  rate  were  estimated  from  the  amorphous  layer 
thicknesses  measured  by  the  RBS  channeling  spectroscopy. 
Plotting  regrowth  rate  vs.  annealing  temperature,  shown  in 
Fig.  4,  the  data  points  can  result  in  a  linear  fit  correspond¬ 
ing  to  an  activation  energy  of  1.97  eV,  which  in  agreement 
with  the  activation  energy  of  2.0  eV  for  <100>  pure  Ge,  but 
smaller  than  the  value  of  2.4eV  for  <100>  pure  Si  [14].  Reg¬ 
rowth  rate  values  presented  in  this  work  were  derived  only 
from  single  measurement  points  at  each  temperature  inter¬ 
val,  a  more  accurate  study  on  the  regrowth  kinetics  will  be 
planned  to  determine  the  regrowth  rates  by  plotting  the 
amorphous  depth  vs.  annealing  time. 

4.  Conclusions 

RBS  channeling  spectroscopy  is  a  very  powerful  tool  for 
optimising  the  high-dose  Ge  implantation  into  (lOO)Si  sub¬ 
strates.  The  calculation  results  of  the  GISA-3  computer 
code,  used  for  analysing  the  experimental  RBS  spectra,  are 
in  excellent  agreement  with  the  TRIM-91  Monte  Carlo 
modelling  of  the  high-dose  Ge  implatation.  The  agreement 
between  the  results  obtained  by  two  different  computer 
codes  proves  the  good  quality  of  the  physical  modeling. 
Among  the  three  implatation  methods,  the  double-energy 
Ge^  and  Ge^'*'  implantation  is  optimum  which  is  con¬ 
firmed  by  channeling  measurements  since  it  can  result  in 


Fig.  4.  Plot  of  regrowth  rate  versus  annealing  temperature.  The  solid  line  is 
a  linear  fit  to  the  data  points  and  corresponds  to  an  activation  energy  of 
1.97  eV. 
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fewer  residual  defects,  and  provides  the  possibility  to  widen 
the  spatial  separation  between  the  Ge  profile  maximum  and 
the  original  a/c  interface.  Furthermore,  the  preliminary 
studies  on  the  regrowth  of  the  double-energy  Ge"''  and 
Ge"^  ^  implanted  sample  reveals  that  the  activation  energy  is 
on  the  order  of  2eV. 
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Abstract 

In  situ  condensation  of  an  amorphous  cap  of  the  high  vapour  pressure 
element  (i.e.,  As,  Sb)  has  been  found  to  provide  effective  protection  of 
molecular  beam  epitaxy  grown  compound  semiconductor  surfaces  against 
ambient  contamination.  Most  work  reported  so  far  relates  to  arsenic- 
capped  AlGaAs.  Detailed  investigation  with  surface  sensitive  structural 
(RHEED,  LEED)  and  chemical  (XPS)  probes  confirms  that  the  protective 
cap  is  conveniently  removed  by  annealing  in  ultrahigh  vacuum  environ¬ 
ments  at  a  temperature  in  excess  of  ~350°C.  Clean  Al,Ga,_,As(001)  sur¬ 
faces  with  diflferent  atomic  reconstructions  and  corresponding  (Al)Ga  :  As 
composition  ratios  are  now  routinely  prepared  by  this  technique,  and  thus 
offers  an  ideal  testing  ground  for  compound  semiconductor  surface  and 
interface  research.  Reconstruction-dependent  reactivity  at  metal/GaAs(001) 
interfaces  is  demonstrated,  using  surface  sensitive  synchrotron  radiation 
photoelectron  spectroscopy.  Exploiting  the  protection  offered  by  the  As 
(Sb)  cap  for  device  fabrication  purposes  (e.g.,  in  selective  area  epitaxy), 
demands  a  suitable  method  of  pattern  definition  in  the  amorphous  arsenic 
layer.  The  cap  is  shown  to  be  chemically  stable  versus  exposure  to  standard 
photolithographic  processing  chemicals,  including  photoresist,  developer, 
and  acetone  (the  photoresist  solvent).  However,  the  temperature  required 
for  thermal  decapping  is  grossly  inappropriate  for  photoresist  curing.  A 
novel  technique  of  reactive  decapping  in  a  beam  of  hydrogen  radicals  (H*) 
is  shown  to  be  effective  at  room  temperature.  This  innovation  makes 
pattern  definition  in  the  As  cap  compatible  with  standard  photolitho¬ 
graphy,  and  test  structures  with  ~5nm  linewidth  is  demonstrated.  Scan¬ 
ning  electron  micrographs  unveil  the  presence  of  arsenic  cap  residues  along 
the  photoresist  mask  edges.  Moreover,  trace  amounts  of  surface  gallium 
oxide  and  carbon  impurities  were  found  with  core-level  photoelectron  spec¬ 
troscopy.  The  technique  thus  needs  further  refinement,  before  being  useful 
in  fabrication  of  compound  semiconductor  device  structures. 

1.  Introduction 

Advances  in  crystal  growth  technology,  such  as  molecular 
beam  epitaxy  (MBE)  and  metal-organic  chemical  vapour 
deposition  (MOCVD),  have  made  possible  the  fabrication  of 
high-speed  electronic  and  photonic  devices  which  capitalize 
on  the  power  of  heterostructures  [1],  If  exposed  to  atmo¬ 
sphere  or  when  handled  in  compliance  with  standard  sub¬ 
strate  preparation  procedures,  MBE-grown  epilayers  of,  e.g.. 
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AlGaAs  and  InGaAs,  inevitably  form  a  native  surface  oxide 
and  contract  superficial  carbon  impurities.  Subsequent  re¬ 
growth  on  such  surfaces  leads  to  free  carrier  depletion  at  the 
interface  [2-4],  in  spite  of  thermal  cleaning  in  vacuum  prior 
to  this  growth.  As  charge  transport  in  heterostructure 
devices  is  largely  confined  to  the  epilayer  interfaces,  the 
device  performance  is  critically  dependent  on  the  purity  and 
structural  perfection  of  these  interfaces. 

Passivation  of  MBE-grown  compound  semiconductor 
surfaces  by  in  situ  condensation  of  an  arsenic  cap,  e.g.,  for 
ambient  transfer  from  the  crystal  growth  chamber  to  a 
second  apparatus  for  further  processing  or  analysis,  was  first 
proposed  and  demonstrated  by  Kowalczyk  et  al.  [5]. 
Capping  and  subsequent  recovery  of  Al,tGai_^As(001)  epi¬ 
layer  surfaces  have  since  been  examined  in  detail  [6,  7].  The 
arsenic  cap  is  found  to  provide  effective  protection  of  wafers 
stored  in  atmosphere  for  periods  up  to  several  months.  It  is 
efficiently  removed  by  thermal  desorption  in  ultrahigh 
vacuum  (UHV)  environments,  at  a  temperature  in  excess  of 
~350°C.  Clean,  reconstructed  Al,tGai_;tAs(001)  surfaces 
are  now  routinely  prepared  in  this  manner.  Besides 
Al^jGai  _,jAs  (0  ^  X  ^  1),  capping  with  arsenic  was  reported 
to  provide  effective  protection  of  both  InGaAs  [8]  and 
ZnSe  [9]  epilayer  surfaces.  Moreover,  capping  with  Sb  of 
GaSb  was  recently  reported  [10],  and  underscores  the 
potential  of  this  technique  for  passivation  of  compound 
semiconductor  surfaces.  In  Section  2,  we  describe  the  As 
capping  and  decapping  procedure,  as  examined  with  surface 
sensitive  chemical  and  structural  probes. 

Core-level  photoelectron  spectroscopy  has  long  been  rec¬ 
ognized  as  a  powerful  tool  for  studies  of  electronic  barrier 
formation  at  metal-semiconductor  junctions,  (i.e.,  the 
Schottky  barrier).  Such  studies  have  been  largely  confined 
to  representative  “model  systems”,  that  is  to  metal  deposi¬ 
tions  on  a  clean  substrate  surface  with  a  known  crystalline 
structure,  which  makes  comparison  with  theoretical  descrip¬ 
tion  meaningful.  Historically,  the  most  popular  substrate  for 
investigation  of  Schottky  barrier  formation  on  compound 
semiconductors  has  been  the  (110)  cleavage  face  of  (doped) 
GaAs  single-crystals  [11].  When  cleaved  in  UHV  environ¬ 
ments,  this  non-polar  surface  exhibits  flat-band  conditions. 
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Subsequent  metallization  leads  to  band  bending,  with  the 
Fermi  level  shifting  towards  the  center  of  the  gap.  This  is 
conveniently  monitored  by  photoemission,  as  a  uniform 
shift  in  the  substrate  core-levels.  From  the  semiconductor 
bandgap  and  the  measured  band  bending,  the  Schottky 
barrier  height  is  simply  evaluated.  With  the  As  capping 
technique  at  hand,  clean,  reconstructed  epilayer  surfaces  of 
the  polar  (OOl)-orientation  (i.e.,  the  wafer  orientation  used 
for  compound  semiconductor  devices)  may  now  be  readily 
prepared  for  such  experiments.  In  Section  3,  we  examine  the 
influence  of  different  surface  reconstructions  on  the 
Schottky  barrier  formation  and  interface  chemical  reactions 
at  Au/GaAs(001)  and  Al/GaAs(001)  junctions,  respectively. 
Motivation  came  in  part  from  the  recent  reports  of  ideal 
Schottky  behaviour  for  such  junctions,  if  prepared  by  metal¬ 
lization  on  decapped  MBE-grown  surfaces  [12,  13],  a  result 
in  stark  contrast  to  the  vast  body  of  previous  work  [1 1]. 

Besides  providing  easy  access  to  clean,  crystalline  (wafer) 
surfaces,  passivation  with  arsenic  efficiently  suppresses 
carrier  depletion  at  air-exposed  interfaces  and  in  regions  of 
suspended  epitaxial  (over)growth  [14,  15].  Exploiting  an  As 
(Sb)  cap  for  surface  passivation  purposes  in  the  growth  and 
processing  of  device  structures,  demands  a  suitable  method 
of  pattern  definition  in  the  condensed  arsenic  layer.  Unfor¬ 
tunately,  standard  photolithography  does  not  lend  itself 
easily  to  such  patterning.  The  high  temperature  required  for 
As  desorption  (>350°C)  leads  to  excessive  polymerization 
of  photoresist,  which  renders  subsequent  “stripping”  vir¬ 
tually  impossible.  Moreover,  the  As  (Sb)  cap  must  be  chemi¬ 
cally  stable  versus  exposure  to  the  photolithographic 
processing  chemicals  (i.e.,  photoresist,  developer,  solvent). 
The  durability  of  an  As  cap  vs.  such  exposure  and  the  crys¬ 
talline  quality  of  the  epilayer  surface  after  thermal  decap¬ 
ping  were  examined  with  X-ray  photoelectron  spectroscopy 
(XPS)  and  low-energy  electron  diffraction  (LEED).  This 
data  is  discussed  in  Section  4.1. 

The  problems  incurred  by  thermal  decapping  through  a 
mask  of  photoresist  on  the  arsenic  cap  surface  must  be 
worked  around,  either  by  finding  a  substitute  for  photoresist 
which  may  endure  curing  at  T  ^  350  °C,  or  by  inventing  a 
method  of  decapping  at  reduced  temperature,  without 
degrading  the  quality  of  the  MBE-grown  epilayer  surface.  In 


Section  4.2,  we  demonstrate  successful  patterning  by  reac¬ 
tive  desorption  of  arsenic  in  a  beam  of  hydrogen  radicals, 
through  a  mask  of  positive  photoresist  on  the  As  cap 
surface. 

2.  Arsenic  capping  and  decapping  of  AIGaAs 

Al^Gai_,As(001)  epilayers,  about  100 mn  thick  and  with 
different  alloy  compositions  (0  <  x  <  1),  were  grown  on  top 
of  250  nm  GaAs  buffer  layers  in  a  Varian  Gen  II  Modular 
MBE  system.  Both  semi-insulating  and  n-type  substrates 
were  used,  (the  latter  required  for  photoemission  studies  of 
Schottky  barrier  formation  at  metal-GaAs  junctions,  cf. 
Section  3).  Capping  in  situ  of  the  MBE-grown  epilayer  is 
accomplished  -  most  efficiently  -  with  As2  dimers  from  an 
effusion  cell  equipped  with  a  “cracker”.  The  dimers  will  stick 
and  form  a  protective  cap  at  temperatures  above  room  tem¬ 
perature  (RT).  This  is  achieved  by  simply  turning  off  the 
substrate  heater  and  leaving  the  wafer  to  cool  in  a  constant 
flux  of  As2.  In  contrast,  capping  with  (less  reactive)  AS4 
tetramers  from  a  standard  arsenic  oven,  demands  that  the 
substrate  be  cooled  below  room  temperature  (RT)  [5].  Esti¬ 
mated  As  cap  thicknesses  in  the  present  study  varied 
between  ~  30  nm  and  3  pm,  dependent  on  the  time  elapsed 
in  front  of  the  open  “cracker”  source  at  a  temperature  below 
~50°C.  Figure  1  shows  Ga  and  As  LMM  Auger  sputter 
depth  profiles  of  an  As-capped  GaAs  sample,  allowed  to 
reach  a  substrate  temperature  of  ~  20  °C  before  shutting  off 
the  As2  beam.  Ga  LMM  emission  is  observed  after  approx¬ 
imately  9  min  of  sputtering.  The  corresponding  As  cap 
thickness  is  estimated  at  705  nm  [16].  Oxygen  KLL  emis¬ 
sion  (not  shown  in  Fig.  1)  was  found  to  decrease  below 
noise  level  after  only  a  few  seconds  of  sputtering,  which 
implies  that  the  thickness  of  the  surface  arsenic  oxide  is  less 
than  the  depth  resolution  of  the  applied  profiling  technique 
(i.e.,  typically  a  few  nm),  even  after  long-term  storage  of  the 
samples  in  air. 

Figure  2(a)-(d)  displays  surface-sensitive,  high-resolution 
Ga  and  As  3d  photoelectron  spectra  of  an  n-doped 
GaAs(001)  epilayer,  capped  with  arsenic  and  exposed  to  air 
for  about  one  week;  as-introduced  (a),  and  after  thermal 
treatment  in  UHV  at  ~250°C  (b),  ~350°C  (c),  and 


SPUTTER  TIME  (min) 

Fig.  1.  As  LMM  and  Ga  LMM  Auger  sputter  depth  profiles  of  an  air-exposed  As  cap  on  GaAs(001). 


Physica  Scripta  T54 


218  J.  K.  Grepstad  et  al. 


KINETIC  ENERGY  (eV) 

Fig.  2.  Surface  sensitive  As  3d  and  Ga  3d  photoemission  spectra  of  As- 
capped  GaAsfOOl);  (a)  exposed  to  air,  (b)  after  annealing  in  UHV  at 
~250°C,  (c)  after  thermal  desorption  of  the  As  cap  at  ~350°C,  and  (d) 
after  further  annealing  at  ~450  °C. 

~450°C  (d),  respectively.  This  data  was  taken  on  the  toroi¬ 
dal  grating  monochromator  (TGM)  beamline  41  at 
MAX-lab  National  Laboratory  (i.e.,  the  synchrotron  radi¬ 
ation  facility)  in  Lund.  As  3dsi2  emission  at  three  different 
kinetic  energies  is  distinguished  in  Fig.  2(a)-(d).  The  respec¬ 
tive  shifts  in  kinetic  energy  are  attributed  to  As^"*^  of  the 
superficial  arsenic  oxide  =  40.6  eV),  to  As°  of  the  ele¬ 
mental  arsenic  cap  =  43.4eV),  and  to  the  covalently 
bonded  arsenic  of  the  GaAs  epilayer  {E^i„  =  44.0eV)  [17]. 
The  As  3d  spectrum  in  Fig.  2(a)  suggests  that  the  surface 
oxide  formed  upon  exposure  of  the  As  cap  to  air  is  very 
thin,  typically  less  than  10  A,  even  for  wafers  stored  at  atmo¬ 
spheric  pressure  in  a  sealed  plastic  box  for  3-4  months.  The 
superficial  oxide  desorbes  upon  annealing  in  UHV  at 
~250°C,  leaving  a  pure  arsenic  surface.  Thermal  desorption 
of  the  As  cap  requires  a  temperature  in  excess  of  ~350°C. 
This  event  is  conveniently  monitored  by  a  sudden  increase 
in  (arsenic)  background  pressure,  and  is  verified  by  the  onset 
of  Ga  3d  photoemission  [cf.  Fig.  2(c)].  Moreover,  the  spin- 
orbit  (SO)  split  As  3d  spectrum  shifts  to  kinetic  energies 
typical  of  the  compound  semiconductor.  The  As  3d  spec¬ 
trum  in  Fig.  2(c)  features  a  minor  contribution  from  As® 
core-level  photoemission,  which  disappears  upon  sustained 
annealing  at  ~450°C.  Figure  2(d)  shows  Ga  and  As  3d 
spectra  of  the  clean  (i.e.,  non-oxidised).  As-terminated 
GaAs(OOl)  surface. 

The  recorded  As  3d  spectrum  of  the  elemental  cap  [cf. 
Fig.  2(b)]  exhibits  a  well-resolved  SO-split  doublet  with  line- 
widths  of  0.26  eV  (FWHM).  This  is  noticeably  sharper  than 
the  inherent  linewidth  of  GaAs  (FWHM  =  0.43  eV)  [18], 
and  explains  in  part  the  loss  of  energy  resolution  from  Fig. 
2(a)  and  (b)  to  Fig.  2(c)  and  (d).  Spectral  broadening  is  also 
contributed  by  surface  shifts  in  the  As  3d  core-levels  of  the 
decapped  epilayer  surface.  One  shifted  component  pertains 
to  emission  from  chemisorbed  Asj  dimers.  This  residual 
surface  arsenic  desorbes  upon  annealing  at  450  °C,  as  is 
evident  from  the  change  in  spectral  lineshape  in  Fig.  2(c) 
and  (d).  (For  a  detailed  discussion  of  the  As  3d  spectral  line- 
shape,  cf.  Ref.  [7]).  The  present  results  are  in  close  agree¬ 
ment  with  previous  in  situ  photoemission  data  for 
MBE-grown  GaAs(OOl)  [19].  The  thermally  decapped  epi¬ 


layer  surface  spectra  of  Fig.  2(c)  and  (d)  correspond  to  differ¬ 
ent  surface  atomic  reconstructions,  as  discussed  below. 

Complementary  XPS  measurements  (including  data  for 
both  Al^Gai_,As(001)  and  AlAs(OOl)  epilayer  surfaces)  were 
carried  out  in  a  Fisons  ESCALAB  Mkll  spectrometer  in 
Trondheim.  Whereas  clean,  reconstructed  GaAs(OOl)  sur¬ 
faces  were  readily  obtained  after  thermal  decapping  at 
~350°C  and  ~450°C,  the  preparation  (and  preservation) 
of  non-oxidised,  epilayer  surfaces  of  the  alloyed  compound 
(i.e.,  AlGaAs)  proved  increasingly  difficult  with  growing 
AlAs  content.  Superficial  oxide  formation,  as  judged  by  the 
O  Is  photoemission  intensity  and  a  chemically  shifted  com¬ 
ponent  of  the  Al  2p  spectrum,  was  observed  invariably  for 
AlAs(OOl)  decapped  at  450  °C,  and  for  Alo.5Gao.5As(001) 
after  short-term  storage  in  UHV.  The  elemental  As  cap  is 
deemed  amorphous,  from  failure  to  observe  a  diffraction 
pattern  with  RHEED  (reflection  high-energy  electron 
diffraction)  or  LEED  (low-energy  electron  diffraction).  Elec¬ 
tron  scattering  off  an  As-capped  epilayer  surface  produces  a 
diffuse  halo,  only.  The  GaAs(OOl)  surface  is  known  to  recon¬ 
struct,  i.e.,  to  display  a  lower  symmetry  than  that  produced 
by  a  simple  termination  of  the  bulk  lattice.  The  actual 
reconstruction  is  determined  by  the  surface  stoichiometry 
[20].  Figure  3  shows  a  comparison  of  RHEED  patterns 
recorded  before  capping,  i.e.,  at  a  substrate  temperature  of 
590  °C  and  with  the  epilayer  surface  exposed  to  an  As2-flux 
of  BEP  =  8  X  10~®mbar  (left),  and  after  thermal  decapping 
at  ~500'’C  in  situ,  with  a  background  pressure  of 
9  X  10“^®mbar  (right).  Panels  (a)-(c)  display  the  RHEED 
patterns  recorded  with  the  electron  beam  along  the  [HO], 
[100],  and  [110]  azimuths,  respectively.  These  are  the 
RHEED  images  characteristic  of  the  As-stabilized  (2  x  4)/ 
c(2  X  8)-reconstructed  surface,  on  which  AlGaAs  epilayer 
growth  commonly  proceeds.  The  close  similarity  between 
the  two  sets  of  RHEED  patterns  in  Fig.  3  (left  and  right) 


Fig.  3.  Comparison  of  RHEED  patterns  from  MBE-grown  GaAs(OOl), 
recorded  as-grown  (left)  at  7^^^  w  590  °C  and  exposed  to  an  Asj-flux  of 
BEP  =  8  X  10“®mbar,  and  after  thermal  decapping  in  situ  (right)  at  w 
SOO^C  and  with  an  (As)  background  pressure  of  9  x  10“^'’mbar.  The  dif¬ 
fraction  patterns  were  obtained  with  the  e-beam  along  the  [ilO]  (a),  [100] 
(b),  and  [110]  (c)  azimuths,  respectively. 
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indicates  successful  recovery  of  the  “as-grown”  epilayer 
surface. 

For  samples  transferred  out  of  the  MBE  growth  chamber 
and  exposed  to  air,  the  surface  structure  after  thermal 
decapping  was  examined  with  LEED  (in  the  UHV  environ¬ 
ments  of  our  ESCALAB).  Figure  4  shows  representative 
LEED  images  recorded  after  annealing  at  ~350°C  (a)  and 
~450°C  (b).  Sharp  diffraction  patterns  characteristic  of  the 
c(4  X  4)-reconstructed  surface  [Fig.  4(a)]  was  found  for  both 
GaAs(OOl)  and  Al^Gai_,,As(001)  (x  <  0.5).  The  c(4  x  4) 
symmetry  pertains  to  a  regular  array  of  chemisorbed  Asj 
dimers  on  the  As-terminated  epilayer  surface.  The  appropri¬ 
ate  surface  atomic  model  is  depicted  in  Fig.  5(a),  with  the 
c(4  X  4)  unit  cell  indicated.  This  model  was  originally 
inferred  from  angle-resolved  photoemission  data  [21],  and 
has  later  been  verified  by  scanning  tunnelling  microscopy 
(STM)  [22,  23].  Whereas  no  LEED  pattern  of  c(4  x  4)  sym¬ 
metry  could  be  observed  for  AlAs(OOl),  this  reconstruction 
was  verified  with  RHEED  for  samples  decapped  in  situ. 
Unlike  GaAs(OOl)  and  Al^Gai_,tAs(001)  (x<0.5),  the 
RHEED  pattern  of  c(4  x  4)-reconstructed  AlAs(OOl)  persists 
to  a  substrate  temperature  of  550  °C,  (Asj  pressure 
~10“®mbar). 

Thermal  decapping  of  GaAs(001)  and  Al,jGai_^As(001) 
(x  ^  0.5)  at  450  °C  produces  a  1  x  4  LEED  pattern  with 
streaks  in  the  half-order  positions  along  the  [110]  direction 
[cf.  Fig.  4(b)].  This  diffraction  image  can  be  explained  by 
coexistent  domains  of  the  2x4  and  c(2  x  8)  surface  recon¬ 
structions,  as  proposed  by  Larsen  and  Chadi  [24]  and  con¬ 
firmed  with  STM  [23,  25].  The  actual  surface  model  (the 
“missing  dimer”  model)  is  displayed  in  Fig.  5(b),  with  both 


Fig.  4.  LEED  patterns  of  clean,  reconstructed  GaAs((X)l)  epilayers, 
transferred  in  air  to  the  photoelectron  spectrometer  and  thermally 
decapped  in  UHV  at  350  °C  (a)  and  450  °C  (b),  respectively.  The  diffraction 
patterns  show  (a)  GaAs(001)-c(4  x  4)  measured  at  ISOeV,  and  (b) 
GaAs(OOl)  —  1  X  4  with  streaks  in  half-order  positions,  measured  at 
189  eV. 
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Fig.  5.  Surface  structure  models  of  the  GaAs(001)-c(4  x  4)  (a)  and 
GaAs(OOl)  —  2  X  4/c(2  x  8)  (b)  surfaces,  (reproduced  from  Biegelsen  et  al. 
[22]  and  from  Pashley  et  al.  [25]). 


unit  cells  indicated.  The  failure  to  observe  sharp  LEED  pat¬ 
terns  of  surface  reconstructed  AlAs((X)l)  is  attributed  to  the 
extreme  reactivity  of  this  compound.  The  decapped 
AlAs(C)01)  epilayer  surface  was  found  to  oxidize  rapidly, 
even  in  the  UHV  environments  of  our  electron  spectro¬ 
meter. 


3.  Interface  reactivity  and  electronic  barrier  formation 

Clean  GaAs((X)l)  epilayer  surfaces  of  different  reconstruc¬ 
tions  and  corresponding  Ga :  As  composition  ratios  [i.e., 
As-rich  c(4  x  4),  As-terminated  2  x  4/c(2  x  8),  and  Ga- 
terminated  4x6]  were  prepared  by  thermal  desorption  of 
an  arsenic  capping  layer  in  the  photoemission  analysis 
chamber  at  MAX-lab.  The  samples  were  all  n-doped  (Si)  at 
2  X  10‘®cm~^.  Junctions  were  formed  by  in  situ  evapo¬ 
ration  of  Au  and  Al.  These  metals  yield  the  extremes  of  a 
wide  span  of  Schottky  barrier  heights  (AO^  =  0.65  eV) 
reported  in  Refs  [12,  13]  for  metal/n-GaAs(001)  junctions. 
(The  work  function  difference  between  Au  and  Al  amounts 
to  Atp  =  0.82  eV  [26],  for  polycrystalline  specimens.)  Metal 
deposition  rates  were  calibrated  with  a  quartz  crystal 
monitor. 
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Fig.  6.  Evolution  of  the  As  3d  core-level  photoemission  with  increasing  Au 
coverage,  for  depositions  on  a  c(4  x  4)-reconstructed  GaAs(OOl)  surface. 

Figure  6  shows  the  evolution  of  the  As  3d  core-level  pho¬ 
toemission  with  increasing  Au  coverage  for  the  As-rich 
GaAs(001)-c{4  x  4)  surface,  using  a  photon  energy  of 
hv  =  100  eV  for  maximum  surface  sensitivity.  The  recorded 
spectra  are  normalized  to  similar  peak  heights  in  order  to 
emphasize  changes  in  the  As  3d  lineshape.  Surface  shifted 
components  diminish  with  increasing  Au  coverage,  and  the 
spectrum  sharpens  up  for  depositions  in  excess  of  ~2A. 
Judging  from  the  recorded  peak  intensities,  the  chemisorbed 
arsenic  on  the  c(4  x  4)-reconstructed  surface  segregates  on 
the  surface  of  the  Au  deposit.  From  the  measured  energies 
of  the  clean  GaAs(OOl)  valence  band  maximum  (VBM)  and 
the  Fermi  edge  of  the  ~  50  A  Au  film,  we  may  calculate  the 


initial  surface  Fermi  level  (E[)  position  with  respect  to  the 
semiconductor  band  edges.  Subsequent  variations  in  band 
bending  with  increasing  metal  coverage  are  evaluated  from 
the  measured  shift  in  kinetic  energy  of  the  As  3d  core-levels. 

Such  data  is  displayed  in  Fig.  7  for  the  three  GaAs(OOl) 
surface  reconstructions  examined.  In  contrast  to  Chang  et 
al.  [27],  who  report  near  flat-band  conditions  (Ef  —  Evbm  = 
l.l-1.3eV)  for  [001]-oriented  and  vicinal  (i.e.,  2°- 
misoriented)  GaAs  surfaces  after  thermal  desorption  of  a 
more  than  100  nm  thick  protective  arsenic  cap,  we  find  the 
initial  surface  Fermi  level  at  E[  —  Evbm  ~  0-5  eV  for  the 
As-rich  GaAs(001)-c(4  x  4)  surface  and  at  Ef  —  Evbm 
0.6  eV  for  the  As-terminated  —  2  x  4/c(2  x  8)  and  the  Ga- 
terminated  —4x6  surfaces.  The  additional  band  bending 
upon  metallization  evolves  over  the  first  2A  of  Au  deposi¬ 
tion  and  comes  to  ~0.25eV.  This  implies  a  stable  Au/GaAs 
Schottky  barrier  height  of  =  1.05-1.08  eV  for  the  two 
near-stoichiometric  surfaces  [i.e.,  GaAs(OOl)  —  2x4/ 
c(2  X  8)  and  —4x6].  The  electronic  barrier  of  the  Au/ 
GaAs(001)-c(4  x  4)  junction  appears  to  stabilize  at  a  slightly 
larger  value,  =  1-21  ±  0.05  eV,  after  10-20  A  of  Au  depo¬ 
sition.  A  poor  signal/noise  ratio  in  the  recorded  valence 
band  spectra  (including  those  showing  the  metal  overlayer 
Fermi  edge)  denies  precise  estimates  of  the  Schottky  barrier 
height  of  the  Al/GaAs{001)  junctions  in  this  study.  No 
increase  (or  decrease)  in  surface  band  bending  was  found 
upon  Al  deposition  to  ~  50  A  coverage.  However,  our  data 
do  indicate  a  noticeable  band  bending  for  the  clean,  recon¬ 
structed  substrate  surfaces,  contrary  to  the  observations  of 
Chang  et  al.  [27]. 

The  former  reports  of  ideal  Schottky  behaviour  at  metal/ 
GaAs  junctions  [12,  13]  are  intriguing,  not  only  in  provid¬ 
ing  unexpected  physics,  but  also  with  regard  to  future 
prospects  for  device  fabrication,  (e.g.,  Schottky  diodes  and 
MESFET  gate  structures  with  electronic  barriers  which 
scale  with  the  metal  work  function).  Correct  analysis  of  this 
photoemission  data  is  complicated,  however.  The  results  of 
Brillson  and  co-workers  [12,  13]  have  been  called  in  ques- 
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Fig.  7.  Surface  Fermi  level  positions  vs.  Au  coverage  for  depositions  on  the  GaAs(001)-c(4  x  4),  —  2  x  4/c(2  x  8),  and  —4x6  reconstructed  surfaces. 
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tion,  after  failure  to  reproduce  their  data  by  groups  working 
at  experimental  conditions  set  so  as  to  minimize  the 
influence  of  a  possible  surface  photovoltage  (i.e.,  ambient 
temperature,  high  doping  level)  [28-30].  Our  data  for  the 
Au/GaAs(001)  -  2  x  4/c(2  x  8)  and  the  Au/GaAs(001) 
—  4  X  6  junctions  is  in  close  agreement  with  the  RT  photo¬ 
emission  results  of  Spindt  et  al.  [28],  also  obtained  on  MBE- 
grown  n-GaAs(OOl)  epilayers  prepared  by  thermal  (As) 
decapping  in  UHV.  The  measured  difference  in  Schottky 
barrier  height  between  contacts  fabricated  on  the  c(4  x  4)- 
and  the  2  x  4/c(2  x  8)-reconstructed  GaAs(OOl)  substrates, 
may  be  attributed  to  a  difference  in  work  function  for  the 
two  structurally  distinct  surfaces,  i.e.,  if  we  assume  near  ideal 
Schottky  behaviour  for  the  Au/GaAs(001)  junction.  Such 
variations  in  the  work  function  of  MBE-grown  GaAs(001) 
epilayer  surfaces  have  been  recently  reported  by  Duszak  et 
al.  [31]. 

However,  the  ideal  Schottky  model  cannot  account  for 
the  present  data  in  a  consistent  way.  The  measured  work 
function  of  the  GaAs((X)l)  —  4x6  surface  in  Ref.  [31]  is 
smaller  than  that  of  the  two  other  surface  reconstructions, 
and  would  thus  be  expected  to  produce  the  larger  Schottky 
barrier  of  the  three  Au/GaAs(001)  junctions  investigated, 
contrary  to  what  is  actually  observed.  The  most  prominent 
physical  difference  between  the  Au/GaAs(001)-c(4  x  4)  junc¬ 
tion  and  those  formed  on  the  2  x  4/c(2  x  8)-  and  4x6- 
reconstructed  surfaces,  is  the  array  of  chemisorbed  Asj 
dimers  on  the  c(4  x  4)  surface.  It  is  difficult  to  see  how  this 
excess  arsenic  would  explain  the  measured  difference  in 
Schottky  barrier  height,  however.  We  note  that  the  mea¬ 
sured  values  for  <6^  are  based  (in  part)  on  an  estimate  for  the 
initial  surface  Fermi  level  position,  with  respect  to  the  semi¬ 
conductor  band  edges.  This  estimate  for  the  Au/GaAs(001)- 
c(4  X  4)  junction  is  seen  to  differ  from  that  of  the  two  other 
contacts  by  approximately  the  same  amount  (— O.lSeV)  as 
the  final  difference  in  Schottky  barrier  height  (cf.  Fig.  7).  We 
feel  compelled  to  caution  that  the  larger  electronic  barrier 
for  the  Au/GaAs(001)-c(4  x  4)  junction  could  come  from  an 
error  in  the  estimated  initial  surface  Fermi  level  position. 

Figure  8  shows  a  comparison  of  the  Ga  3d  core-level 
spectra  recorded  after  ~20A  Al  deposition  on  the 
GaAs(001)-c(4  x  4)  and  —  2  x  4/c(2  x  8)  surfaces.  Both 
spectra  exhibit  a  shifted  component  at  higher  kinetic  energy 
(A£|ji„ »  1.0  eV).  This  shift  is  attributed  to  dissociated 
gallium  from  an  (exothermic)  exchange  reaction  with  alu¬ 
minum  at  the  epilayer  surface.  We  note  that  the  reacted 
Ga  3d  peak  is  far  less  pronounced  for  the  As-rich 
GaAs(001)-c(4  x  4)  surface,  compared  to  the  near- 
stoichiometric  —2  X  4/c(2  X  8)  surface.  This  difference  is 
evident  in  the  recorded  photoemission  spectra  for  Al  deposi¬ 
tions  beyond  100  A,  and  suggests  that  the  dissociated  Ga 
diffuses  to  the  aluminium  film  surface.  Pronounced  differ¬ 
ences  in  reactivity  was  previously  reported  in  a  photo¬ 
emission  study  of  Al/2°-misoriented  GaAs(OOl)  junctions 
[27].  The  investigators  found  that  the  chemical  activity  cor¬ 
relates  with  the  density  of  As  dangling  bonds  at  steps  on  the 
(vicinal)  substrate  surface,  and  argue  that  an  As-terminated 
polar  surface  thus  will  be  more  reactive  than  its  Ga- 
terminated  counterpart,  a  result  in  apparent  contradiction 
with  the  present  findings.  However,  the  GaAs(001)-c(4  x  4) 
surface  is  effectively  passivated  by  an  array  of  chemisorbed 
As2  dimers,  contrary  to  the  surfaces  investigated  in  Ref. 


Fig.  8.  Comparison  of  surface  sensitive  Ga  3d  photoemission  spectra 
recorded  on  the  GaAs(001)-c(4  x  4)  and  the  —  2  x  4/c(2  x  8)  surfaces  after 
20  A  Al  deposition. 

[27].  We  attribute  the  reduced  chemical  activity  at  the  Al/ 
GaAs(001)-c(4  x  4)  interface  to  this  As  passivation. 

4.  Photolithographic  processing  of  the  arsenic  cap 

4.1.  Durability  vs.  photochemical  exposure 

In  order  to  examine  the  chemical  stability  of  the  arsenic  cap 
vs.  standard  photolithographic  processing  chemicals,  four 
samples  were  cut  from  an  As-capped  GaAs  wafer  and 
exposed  (~  15  min)  to  positive  photoresist  (Shipley  1800), 
developer  (Shipley  MF312),  acetone  (i.e.,  the  photoresist 
solvent)  and  NMP  (N-methyl-2-pyrrolidone,  a  common 
polyimide  solvent).  Photosensitive  polyimide  which  may  be 
cured  at  temperatures  up  to  450  °C  is  now  available,  and 
provides  an  alternative  to  photoresist  for  pattern  definition. 
All  treatments  were  terminated  with  a  rinse  in  deionized 
water,  and  the  samples  were  left  to  dry  in  air.  A  fifth  sample 
was  taken  through  complete  (maskless)  photolithography, 
including  curing  of  the  photoresist  at  90  °C  for  35  min  and 
ultraviolet  (UV)  exposure  for  1  min.  Visual  inspection  with 
optical  microscopy  after  this  processing  confirmed  complete 
removal  of  the  photoresist. 

Figure  9  shows  the  As  and  Ga  2^3/2  core-level  spectra 
(recorded  with  XPS)  of  the  four  samples  exposed  to  different 
photochemicals  (b)-(e).  The  As  cap  is  found  to  remain  intact 
after  the  chemical  treatments,  as  is  verified  by  the  failure  to 
observe  any  Ga  core-level  photoemission  from  these 
samples.  Spectrum  (a)  shows  corresponding  data  for  an 
untreated  reference  sample  (i.e.,  exposed  to  air  only).  The 
two  spectral  components  clearly  distinguished  in  the  As 
2p3/2  spectra  of  Fig.  9  correspond  to  emission  from  a  thin, 
superficial  native  oxide  (As^''";  =  1 326.4  eV)  and  from  the 

elemental  As  cap  (As°;  =  1323.5  eV),  respectively.  The 

different  chemical  treatments  seem  to  have  no  dramatic 
effect  on  the  arsenic  surface  oxidation.  Maximum  As^'*^ 
core-level  peak  intensity  was  found  for  the  sample  exposed 
to  NMP  [Fig.  9(e)],  for  which  the  superficial  oxide  thick¬ 
ness  was  estimated  at  10-15  A  [32].  We  note  an  apparent 
broadening  of  the  As  2^3/2  spectrum  after  the  chemical 
treatments,  which  suggests  the  presence  of  process-derived 
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Fig.  9.  As  2p3^2  ^nd  Ga  2p^i2  XPS  spectra  (Al  Ka  excitation)  of  an  As- 
capped  GaAs(001)  reference  sample  (a),  and  equivalent  samples  exposed  to 
acetone  (b),  developer  (c),  photoresist  (d),  and  NMP  (e). 

(residual)  surface  impurities  on  the  capping  surface.  XPS 
measurements  of  the  oxygen  and  carbon  core-level  photo¬ 
emission  support  this  conjecture. 

The  sample  which  had  been  exposed  to  complete 
(maskless)  UV  lithography  was  subsequently  decapped  by 
thermal  desorption,  in  order  to  check  for  processing- 
induced  surface  impurities  and  structural  disorder  of  the 
recovered  epilayer  surface.  LEED  analysis  of  this  specimen 
after  thermal  decapping  in  UHV  unveils  the  characteristic 
diffraction  pattern  of  a  c(4  x  4)-reconstructed  GaAs(OOl) 
surface.  Core-level  photoemission  from  oxygen  and  carbon 
is  found  to  be  strongly  diminished  after  decapping.  The 
O  Is  emission  is  reduced  to  a  negligible  level  and  compares 
with  that  of  a  non-processed  reference  sample,  whereas  the 
emission  from  residual  surface  carbon  clearly  exceeds  that  of 
the  reference  surface.  Previous  studies  have  established  that 
ambient-derived  contaminants  desorbe  entirely  upon 
thermal  decapping  [7].  Although  unclear  in  what  manner, 
we  are  inclined  to  attribute  the  measured  C  Is  photoemis¬ 
sion  to  the  photochemical  processing.  From  peak  intensity 


Fig.  10.  Time  trace  of  the  AsHj  partial  pressure  during  H*  etching  of  an 
As-capped  AIq  3Gao.7As((X)l)  epilayer. 


analysis,  we  find  that  the  residual  surface  carbon  impurities 
contribute  but  a  small  fraction  of  a  monolayer.  This 
explains  the  observation  of  a  distinct  GaAs(001)-c(4  x  4) 
LEED  pattern  on  the  processed  and  thermally  decapped 
epilayer  surface. 

4.2.  Reactive  decapping  and  pattern  definition  by  H*  etching 

Attempts  at  reactive  desorption  of  the  As  cap  at  a  reduced 
temperature  compared  to  that  of  standard  thermal  decap¬ 
ping,  was  carried  out  in  the  sample  preparation  chamber  of 
the  XPS  spectrometer.  This  effort  included,  annealing  in  Hj 
gas  at  1  atm  pressure  (i.e.,  in  a  high-pressure  gas  cell  incorpo¬ 
rated  in  the  fast-entry  airlock  of  the  ESCALAB),  exposure 
to  molecular  hydrogen  ions  (Hj ),  and  finally,  exposure  to  a 
thermal  beam  of  hydrogen  radicals  (H*).  Successful  decap¬ 
ping  at  a  temperature  appreciably  lower  than  that  required 
for  thermal  desorption,  was  achieved  with  the  H*-beam, 
only.  This  reactive  desorption  took  place  at  ambient  tem¬ 
perature  by  formation  of  arsenic  hydrides,  predominantly 
AsHj,  and  was  monitored  with  a  (Fisons  SX-200)  quadru- 
pole  mass  spectrometer  (QMS).  Figure  10  shows  a  trace  of 
the  AsHj  partial  pressure  upon  H*-etching  of 
Alo.3Gao.7As(001)  with  a  ~40nm  thick  As  cap.  The  start-up 
procedure  involved  feeding  H2  gas  through  the  radical  beam 
source  (Oxford  Applied  Research  MPD20A),  to  a  measured 
background  pressure  of  ~4  x  10"‘^mbar.  A  sudden 
increase  in  the  AsHj  partial  pressure  was  observed  once  the 
source  was  powered  up  (position  a).  “Ignition”  of  the  hydro¬ 
gen  plasma  is  seen  as  a  spike  (position  b).  Subsequent  r.f.- 
matching  of  the  connecting  circuitry  stabilizes  the  recorded 
ASH3  pressure  at  a  slightly  reduced  level.  An  order  of  mag¬ 
nitude  increase  in  the  arsine  partial  pressure  is  observed 
once  a  shutter  between  the  sample  and  the  H*  beam  is 
opened  (position  c),  suggesting  the  onset  of  aggressive 
etching  of  the  As  cap.  The  treatment  was  terminated  by 
closing  this  shutter,  on  observation  of  an  abrupt  decline  in 
the  time  trace  of  Fig.  10  (position  d).  Subsequent  photoe¬ 
mission  analysis  [cf.  Fig.  13(b)]  confirmed  the  complete 
desorption  of  the  capping  layer.  (It  should  be  noted  that  the 
recorded  AsHj  pressures  in  Fig.  10  are  noticeable  lower 
than  their  true  value,  due  to  a  strongly  reduced  sensitivity  of 
the  QMS  at  this  background  pressure.)  From  the  recorded 
time  trace  in  Fig.  10,  we  estimate  the  As  etch-rate  at 
~40nm/min. 

Figure  11  shows  scanning  electron  micrographs  of  two 
different  test-structures  “imprinted”  in  arsenic  capping  on 
Alo,3Gao.7As(001).  The  patterns  were  prepared  by  H* 
etching  at  RT  through  a  ~  1  pm  thick  mask  of  photoresist 
on  the  As  cap  surface.  Closeups  of  the  capping  edge  for  the 
test-structure  in  Fig.  11(a),  are  shown  in  Fig.  12  before  (a) 
and  after  stripping  of  the  photoresist  (b).  These  micrographs 
demonstrate  that  photolithographic  patterning  of  the  As 
cap  is  feasible,  although  substantial  amounts  of  residual 
arsenic  remain  along  the  photoresist  mask  edges.  We 
assume  that  these  As  cap  residues  [excessive  in  Fig.  11(b)] 
may  be  ascribed  to  premature  termination  of  the  H*-beam 
exposure.  A  possible  strategy  for  improved  edge  definition 
would  involve  appropriate  adjustment  of  the  etching  time 
and  of  the  photoresist  and  capping  layer  thicknesses.  The 
jagged  shape  of  the  photoresist  edge  in  Fig.  12(a)  is  attrib¬ 
uted  to  the  UV  lithography.  Inspection  of  the  photomask 
with  an  optical  microscope  showed  a  rugged  pattern  edge. 
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Fig.  11.  Scanning  electron  micrographs  of  a  patterned  As  cap  on 
AIq  jGao  ,As(001),  for  two  different  test  structures  (a,  b). 

Moreover,  such  profiles  typically  derive  from  a  poorly  tuned 
exposure  time. 

Figures  13  and  14  show  XPS  data  for  a  (maskless)  As- 
capped  GaAs  sample,  as-introduced  (a)  and  after  reactive 
decapping  at  RT  by  H*-beam  etching  for  approximately 
2  min  (b).  The  core-level  spectra  denoted  (c)  were  taken  on  a 
thermally  decapped,  c(4  x  4)-reconstructed  reference  surface 
and  are  shown  for  comparison.  Effective  desorption  of  the 
As  cap  is  verified  by  measurement  of  Ga  Ip^ji  photoemiss¬ 
ion  and  a  shift  in  the  As  Ip-^jz  binding  energy  of  —0.5  eV  in 
Fig.  14(b).  No  spectral  broadening  of  the  As  2p3/2  core-level, 
suggestive  of  chemisorbed  surface  arsenic  (cf.  our  discussion 
of  the  measured  As  3d  spectra  in  Section  2),  was  found  in 
the  data  taken  on  H*-etched  specimens.  Comparison  of  the 
measured  As  and  Ga  2^3/2  peak  intensities  with  those  of  the 
reference  spectra  (c)  suggests  a  moderate  surface  arsenic 
depletion. 

The  Ga  2^3/2  spectrum  in  Fig.  13(b)  features  a  minor  con¬ 
tribution  at  =  1118.2eV,  i.e.,  shifted  by  1.1  eV  from  the 


Fig.  12.  Scanning  electron  micrographs  showing  closeups  of  the  pattern 
edge  [Fig.  1 1(a)],  (a)  before  and  (b)  after  the  final  stripping  of  photoresist. 


BINDING  ENERGY  (eV) 


Fig.  13.  As  2p^i2  and  Ga  2p3,2  spectra  (A1  Ka  excitation)  of  As- 
capped  GaAs,  (a)  as  introduced,  and  (b)  after  decapping  at  RT  by  H* 
etching;  (c)  shows  corresponding  data  for  a  thermally  decapped  GaAs(001)- 
c(4  X  4)  reference  surface. 

bulk  GaAs  core-level.  The  shifted  gallium  core-level  photo¬ 
emission  is  attributed  to  a  native  surface  oxide,  and  this  con¬ 
jecture  is  corroborated  by  the  measured  O  Is  spectrum  [cf. 
Fig.  14(b)].  The  oxygen  core-level  photoemission  exhibits  a 
pronounced  assymmetry  and  may  be  suitably  decomposed 
in  two  spectral  components.The  predominant  O  Is  emission 
(£b  =  532.5  eV)  is  shifted  from  that  of  the  native  Ga-oxide 
by  about  1.2  eV,  and  is  tentatively  attributed  to  physisorbed 
H2O.  We  note  that  the  presence  of  hydrogen  cannot  be 
ascertained  with  XPS,  and  this  assignment  of  the  stronger 
O  Is  peak  in  Fig.  14(b)  is  thus  inferred  by  conjecture.  We 
also  note  the  presence  of  carbon  impurities  on  the  H*- 
etched  epilayer  surface.  (The  C  Is  emission  in  Fig.  14  is 
superimposed  on  the  high  binding  energy  tail  of  an  As 
Auger  LMM  loss  satellite).  Superficial  oxygen  (including 


Fig.  14.  O  Is  and  C  Is  XPS  spectra  (A1  Ka  excitation)  of  As-capped  GaAs, 
(a)  as  introduced,  and  (b)  after  decapping  at  RT  by  H*  etching;  (c)  shows 
corresponding  data  for  a  thermally  decapped  GaAs(001)-c(4  x  4)  reference 
surface. 
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H2O)  and  carbon  contamination  presumably  derive  from 
trace  amounts  of  gaseous  impurities  in  the  H2  gas  supplied 
to  the  radical  beam  source.  Like  hydrogen,  molecular  impu¬ 
rities  such  as  CO  2  and  oxygen  will  dissociate  and  thus 
become  far  more  reactive,  when  passing  through  the  rf- 
excited  plasma  of  this  source.  Moreover,  surface  depletion  of 
As  will  tend  to  promote  oxidation  of  the  (Al)GaAs  epilayer. 
We  finally  note  that  enhanced  contamination  in  the  pres¬ 
ence  of  atomic  hydrogen  (presumably  caused  by  exchange 
reactions)  was  previously  reported  for  cleaved  GaAs(llO) 
and  InP(llO)  surfaces  [33]. 

LEED  analysis  of  the  H*-etched  GaAs(001)  surface 
showed  a  sharp  (1  x  1)  diffraction  pattern  characteristic  of 
an  ordered  epilayer,  albeit  with  no  distinct  surface  recon¬ 
struction.  This  is  consistent  with  earlier  data  of  Bringans 
and  Bachrach  [34],  who  reported  the  LEED  pattern  of  As- 
terminated  GaAs((X)l)  to  shift  from  a  c(4  x  4)  reconstruction 
to  (1  X  1)  upon  exposure  to  atomic  hydrogen.  Moreover, 
such  exposure  has  been  found  by  several  investigators  to 
provide  effective  cleaning  of  GaAs  wafer  surfaces  at  elevated 
temperature  [35,  36].  Since  the  As-capped  epilayer  surface  is 
uncontaminated,  we  maintain  that  recovery  of  a  clean,  crys¬ 
talline  surface  upon  etching  in  a  H*-beam  is  feasible,  even 
when  this  etching  proceeds  at  ambient  temperature.  It  is 
essential,  however,  that  process  gas  (H2)  of  sufficient  purity 
be  used  and  that  adequate  measures  are  taken  to  secure 
ultraclean  processing  environments. 


5.  Conclusion 

This  study  demonstrates  that  in  situ  condensation  of  an 
amorphous  As  cap  in  the  MBE  growth  chamber  is  an  ade¬ 
quate  technique  for  protection  of  Al^Gai_;cAs(001)  epilayer 
surfaces  on  subsequent  exposure  to  air.  Capping  in  a  flux  of 
As2  dimers  eliminates  the  need  for  substrate  cooling  below 
RT,  a  prerequisite  for  condensation  of  tetrameric  arsenic 
from  a  standard  effusion  cell.  This  technique  greatly  facili¬ 
tates  safe  transportation  of  samples  between  different  UHV 
systems  and  laboratories.  The  arsenic  cap  is  efficiently 
removed  by  thermal  desorption  in  UHV,  at  a  temperature 
in  excess  of  '~350°C.  Clean,  reconstructed  GaAs(OOl)  epi¬ 
layer  surfaces  of  different  Ga;As  composition  ratios  may  be 
prepared  by  appropriate  adjustment  of  the  substrate  tem¬ 
perature  during  this  annealing.  With  AlAs(OOl),  however, 
surface  oxidation  is  observed  almost  immediately  after 
decapping.  This  oxidation  adversely  affects  the  surface  crys¬ 
talline  order,  as  judged  by  the  recorded  diffraction  patterns. 
Different  surface  reconstructions  were  found  to  have  little 
influence  on  the  electronic  barrier  formation  at  (Al)Au/ 
GaAs(OOl)  junctions.  However,  a  distinct  difference  in  reac¬ 
tivity  was  observed  for  Al  depositions  on  the  GaAs(001)- 
c(4  X  4)  and  —  2  x  4/c(2  x  8)  surfaces. 

It  was  found  that  the  capping  remains  intact  after  expo¬ 
sure  to  the  processing  chemicals  commonly  used  in  UV 
lithography  for  integrated  circuit  and  device  fabrication. 
Reactive  decapping  at  ambient  temperature  was  achieved  by 
exposure  to  a  beam  of  hydrogen  radicals.  The  GaAs((X)l) 
epilayer  surfaces  prepared  in  this  manner  were  found  to  be 
Ga-terminated,  with  trace  amounts  of  superficial  gallium 
oxide  and  carbon  impurities.  Pattern  definition  in  the  As 
cap  with  5  pm  linewidth  was  demonstrated,  by  H*-beam 


etching  through  a  mask  of  positive  photoresist  on  the 
capping  surface.  Further  process  refinement  is  needed, 
however,  for  definition  of  sharp  pattern  edges  and  in  order 
to  eliminate  the  surface  oxygen  and  carbon  contamination. 
Etching  rates  and  anisotropy  of  the  radical  beam  treatment 
should  be  more  closely  examined,  and  the  influence  of  H* 
exposure  on  the  electrical  properties  of  the  semiconductor 
epilayer  demands  attention. 

In  summary,  we  find  that  the  As  capping  technique  pro¬ 
vides  an  excellent  means  of  passivation  for  MBE-grown 
compound  semiconductors.  Clean,  reconstructed  epilayer 
surfaces  are  readily  prepared  by  thermal  arsenic  desorption, 
and  thus  offers  a  valuable  testing  ground  for  experiments 
designed  to  shed  light  on  fundamental  problems  in  III-V 
surface  and  interface  physics.  Proven  durability  versus  expo¬ 
sure  to  lithographic  processing  chemicals  and  a  novel  tech¬ 
nique  for  pattern  definition  in  the  As  cap,  suggest  that  this 
passivation  may  also  prove  useful  to  device  fabrication  and 
in  MBE  overgrowth  on  processed  multilayer  structures. 
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Abstract 

The  Permeable  Base  Transistor  (PBT)  is  considered  to  be  a  high  frequency 
device  with  simulated  and  values  in  the  order  of  100  GHz.  In  this 
work  we  present  several  PBT  devices  in  silicon.  The  fabrication  process 
steps  have  been  developed  and  optimised  in  order  to  meet  the  demands  of 
a  future  integration  in  a  standard  CMOS  processing.  Cobalt  disilicide  is 
used  for  the  emitter  metallization  and  base  metallisation  in  order  to  form  a 
good  Schottky  contact.  The  important  issues  of  a  fabrication  process  reli¬ 
ability  and  controllability  are  discussed  in  this  paper.  The  process  steps  had 
been  analysed  by  standard  analysis  methods.  Electrical  (DC)  character¬ 
isation  of  the  devices  has  been  performed.  The  obtained  results  are  in  a 
good  agreement  with  the  2D  simulations. 

1.  Introduction 

PBTs  are  considered  to  operate  at  frequencies  higher  than 
100  GHz.  Several  reports  concerning  the  high  frequency  per¬ 
formance  of  the  PBT  have  been  published.  An/j  of  200  GHz 
for  a  GaAs  PBT  has  been  reported  [1],  For  a  PBT  in  silicon 
cut-off  frequencies  of  120  GHz  have  been  estimated  by 
Monte  Carlo  calculation  [2],  The  measured  frequency  of 
silicon  devices,  however,  is  in  the  order  of  25  GHz  [3]. 
Several  techniques  have  been  presented  for  the  realisation  of 
a  high  frequency  PBT  device,  concerning  the  geometry  [4] 
and  the  type  of  the  base  [5].  Although  extensive  work  has 
been  done  concerning  the  AC  performance  of  PBTs,  very 
few  publications  are  including  DC  characterisation  [6].  The 
presented  IV  characteristics  in  [6]  show  a  good  agreement 
between  measured  and  simulated  data. 

This  work  deals  with  devices  based  on  the  etched 
geometry  using  Schottky  base  diodes.  We  are  aiming  at  the 
control  of  the  DC  performance  by  process  optimisation.  The 
advantage  of  the  developed  process  is  its  compatibility  with 
the  already  existing  CMOS  technology  and  it  is  based  on  a 
self-aligning  technique. 

2.  Device  fabrication  and  process  analysis 

Silicon  n-type,  (100)  oriented,  wafers  with  a  lightly  doped 
epitaxial  layer  on  heavily  doped  substrate  have  been  used  as 
starting  materials.  The  fabricated  devices  are  mainly  distin¬ 
guished  by  the  properties  of  the  epitaxial  layer,  in  which  the 
channel  of  the  device  is  formed.  The  first  group  of  PBTs  (in 
the  following  text  is  referred  as  “PBT  1”)  was  fabricated  on 
3  pm  thick  epitaxial  layer.  The  layer  is  Phosphorus  doped 
with  doping  level  at  4-10‘^cm“^.  For  the  second  group 
(PBT  2)  Arsenic  doped  epitaxial  layers  have  been  used.  The 
doping  level  is  3  •  10**cm“^  and  the  thickness  is  9  pm. 
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e-mail  address:  sofiah@ele.kth.se 


An  ion  implantation  step  forms  a  thin,  highly  doped  layer 
of  0.2  pm  on  the  top  of  the  epitaxial  layer.  Arsenic  has  been 
used  as  dopant  in  all  cases.  This  layer  will  be  the  emitter  of 
the  devices.  Figure  1  shows  an  SEM  micrograph  of  the 
developed  PBT  structure.  Figure  2  shows  the  SIMS  doping 
profile  of  a  typical  transistor  with  respect  to  the  different 
layers  and  the  model  of  the  device. 

As  it  has  been  mentioned  above,  the  transistors  were 
developed  using  the  “etched-grooves”  technology.  This 
geometry  achieves  lower  device  capacitances  than  the  over¬ 
grown  geometry.  The  grooves  have  been  formed  by  dry 
etching,  achieving  vertical  grid  walls.  The  emitter  of  the 
device  is  formed  on  the  top  of  the  finger-shaped  grid,  while 
the  bottom  is  used  as  the  base  terminal.  The  depth  of  the 
grooves  is  a  dimensional  parameter  that  varies  between  dif¬ 
ferent  transistors. 

Both  groups  (i.e.  PBT  1  and  PBT  2)  include  devices  with 
emitter  areas  from  (80  x  80)  pm^  down  to  (40  x  40)  pm^. 
The  total  transistor  area  was  kept  constant  and  it  is 
150  pm  X  120  pm.  Table  I  summarises  the  common  proper¬ 
ties  and  all  the  variations  between  the  devices  and  device 
groups.  The  grid  fingers’  width  varies  from  1.6  pm  down  to 
0.9  pm.  The  grid  fingers  are  connected  by  an  interconnection 
bar  that  is  vertical  with  respect  to  them.  This  structure 
allows  us  to  perform  direct  DC  measurements  on  the  device, 
therefore  any  additional  lithography  step  for  the  formation 
of  contact  pads  is  not  required. 

After  the  grid  has  been  formed,  a  TEOS  oxide  is  depos¬ 
ited  in  order  to  achieve  the  passivation  of  the  walls.  The 


Fig.  1.  SEM  micrograph  showing  the  top  view  of  a  typical  PBT  device. 
The  device  area  is  3600  pm^  and  the  finger  width  is  1.6  pm.  The  intercon¬ 
nection  bar  in  the  middle  of  the  grid  connects  the  grid  fingers.  Each  device 
is  surrounded  by  a  separate  frame. 
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0.6-0.8  ixm 
grid  depth 

^ ^  Base  (CoSi2) 


Fig.  2.  Model  of  the  developed  PBT  and  schematic  representation  of  the 
developed  PBT  structure  demonstrating  the  operation  and  a  qualitative 
profiling  of  such  device.  The  SIMS  spectra  shows  a  typical  As  depth  profile 
at  the  emitter  area  of  the  device.  The  thickness  of  the  silicide  has  been 
defined  by  simultaneous  detection  of  cobalt  and  silicon  intensities.  The 
sample  was  from  a  transistor  from  the  PBT  2  group.  The  emitter  layer 
thickness  (0.2  pm)  is  determined  by  the  As  concentration,  i.e.  at  the  level  of 
1  •  10‘®  at  cm"’. 


Table  1. 


PBT  1 

PBT  2a 

PBT  2b 

Epilayer  thickness 

5  pm 

9  pm 

9  pm, 

Grid  depth 

0.8  pm 

0.6  pm 

0.8  pm 

Base  thk.  CoSij  thk. 

850  A 

710A 

1300A 

Emitter  doping 

1  • 10*’ 

1-10’* 

1  •  10’* 

Channel  doping 

4-10*’ 

3  •  10*’ 

3  •  10*’ 

®b(eV) 

0.61 

0.62 

0.62 

Ideality  factor  r\ 

1.01 

1.12 

1.03 

Fig.  3.  The  RBS  profiles  about  the  silicide  layer  on  both  emitter  and  base 
are  presented.  It  observed  that  the  emitter  layer  is  thinner  than  the  one  at 
the  base.  The  measured  thicknesses  are  1300  A  and  11 80  A  for  the  base  and 
emitter  layers,  respectively. 


following  dry  etching  step  will  form  the  oxide  spacers  on  the 
grid  walls  (self-aligned  process).  This  technique  is  essential 
for  the  application  of  the  self  aligned  silicidation  during  the 
following  steps. 

Cobalt  disilicide  has  been  chosen  for  the  metallization  of 
the  base  and  emitter  areas,  because  of  its  properties  like  its 
selective  formation,  its  excellent  chemical  stability,  its  low 
resistivity  which  make  it  attractive  for  applications  in  ULSI 
technology  and  achieves  good  Schottky  contacts  to  silicon. 

The  cobalt  has  been  deposited  using  electron-gun  evapo¬ 
ration.  The  pressure  in  the  evaporation  system  was  better 
than  8  •  10“^torr.  Prior  to  the  evaporation  the  wafers  had 
been  dipped  in  dilute  HF-solution  to  remove  the  oxide  from 
the  silicon  surface.  The  deposited  cobalt  thickness  were 
250  A  and  370  A.  The  subsequent  silicidation  was  done  in  an 
RTA  (Rapid  Thermal  Annealing)  system.  The  wafers  were 
treated  at  700  °C  for  30  s  in  nitrogen  ambient.  The  formed 
silicide  layers  have  been  analysed  by  XRD  (X-Ray 
Diffraction)  and  RBS  (Rutherford  Backscattering 
Spectrometry).  The  observed  orientations  of  the  poly¬ 
crystalline  cobalt  disilicide  layer  from  the  diffraction  spectra 
are  the  (111),  (220)  and  (311).  The  RBS  spectra  for  both  the 
emitter  and  base  areas  are  presented  in  Fig.  3.  The  mea¬ 
sured  resistivity  of  all  silicide  layers  was  found  to  be 
between  15-16)if2cm.  The  resistivity  of  the  base  is  an 
important  parameter  for  the  high  frequency  behaviour  of 
the  PBT  and  it  has  to  be  low  [7]. 

The  self-aligned  cobalt  disilicide  was  formed  only  on  the 
top  and  bottom  of  the  grid.  The  unreacted  cobalt  was 
etched  away  from  the  wall  spacers  by  the  subsequent  selec¬ 
tive  etching.  Thus  on  top  a  good  ohmic  contact  was  formed, 
which  achieves  proper  ohmic  behaviour  of  the  emitter.  On 
the  bottom  of  the  grid  a  good  Schottky  base  was  formed. 

The  dopant  (Arsenie)  depth  profiles  have  been  analysed 
by  SIMS  (Fig.  2).  At  the  same  time  the  concentrations  of 
silicon  and  cobalt  have  been  detected,  thus  the  profile  was 
analysed  with  respect  to  the  silicide/silicon  interface.  The 
highly  doped  emitter  layer  thickness  is  0.2  pm.  The  CoSiz 
layer  thickness  has  been  calculated  from  the  RBS  and  SIMS 
profiles.  The  values  are  listed  in  Table  I. 

The  silicide  layer  at  the  emitter  is  thinner  than  the  one  at 
the  base,  as  is  expected.  The  silicidation  process  is  retarded 
on  highly  doped  areas  [8]  and  as  the  silicidation  conditions 
are  not  sufficient  for  the  reaction  of  the  whole  amount  of 
cobalt,  the  silicide  layer  at  the  emitter  is  slightly  thinner. 

Finally,  a  1  pm  thick  aluminium  layer  was  evaporated  on 
the  backside  of  the  wafers  and  alloyed  to  achieve  good 
ohmic  contact  to  the  collector. 

3.  Electrical  characterisation  and  simulation 

The  fabricated  transistors  have  been  characterised  by  DC 
measurements.  The  probe  tips  were  applied  directly  on  the 
emitter  grid  and  the  base  on  the  large  base  area.  As  collec¬ 
tor  has  been  used  the  backside  of  the  wafer. 

There  is  no  evidence  of  bridging,  which  indicates  a  reli¬ 
able  and  controllable  silicidation  process.  The  Schottky  base 
diodes  have  been  characterised  hy  IV  and  CV  measure¬ 
ments.  The  results  are  listed  in  table  I  and  show  the  good 
quality  and  performance  of  the  Schottky  base  for  all  tran¬ 
sistors.  The  leakage  currents  were  below  1.5  pA  at  5V,  for 
all  structures. 
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The  first  group  of  devices  had  a  large  series  resistance  due 
to  relatively  low  (see  Table  I)  doping  levels  at  both  the 
emitter  and  the  collector.  The  doping  level  in  the  other 
group  is  significantly  higher  and  achieves  a  very  good  ohmic 
behaviour  at  both  contacts.  The  measures  IV  curves  of  a 
typical  transistor  is  presented  in  Fig.  4.  In  order  to  verify  the 
IV  characteristics  the  device  structures  were  simulated  in 
the  2D  simulator  MEDICI. 

The  measured  current  levels  for  the  PBT  1  group  were 
significantly  lower  than  the  simulated  levels.  In  this  case  the 
doping  level  on  the  top  of  the  grid  was  low  (see  Table  I)  and 
the  contact  had  a  rectifying  behaviour.  Therefore  we  have  to 
drive  the  device  with  the  collector-on-top,  i.e.  this  “Schottky 
contact”  will  be  forward  biased.  A  series  resistance  at  both 
the  emitter  and  collector  contacts,  however,  has  been  influ¬ 
encing  the  characteristics  of  these  devices. 

The  second  group  of  transistors  has  current  levels  and 
measured  IV  characteristics  which  agree  with  the  2D  simu¬ 
lations  (see  Fig.  5). 

The  threshold  voltage  is  not  influenced  by  series  resist¬ 
ances  or  the  quality  of  emitter  and  collector  contacts.  The 
threshold  voltage  of  the  presented  PBTs  are  in  good  agree¬ 
ment  with  the  theoretical  expression  (3.1)  derived  in  [10] 


Vce  (V) 

Fig.  4.  IV  characteristics  of  a  transistor  from  the  PBT  2a  group  (see  Table 
I).  The  device  has  an  area  of  6400  pm^  and  grid  width/spacing  of  1.44  pm. 


PBT  2b 


Vce  (V) 

Fig.  5.  Comparison  between  measured  IV  curves  and  simulation  results. 
The  actual  transistor  has  4000  pm^  area  and  1.6  pm  grid  width/spacing. 


Fig.  6.  The  comparison  between  measured  and  calculated  threshold  volt¬ 
ages  for  both  transistor  groups  is  presented.  The  fitting  is  proofing  the 
quality  of  the  fabricated  devices. 


and  [9]  (see  Fig.  6). 


Vt 


qN  j  dl{{ 
8t/eo  e. 


(3.1) 


where  V^^  is  the  contact  potential,  is  the  doping  level  in 
the  channel,  d^ff  is  the  effective  grid  spacing  extracted  from 
SEM  analysis  and  rj  is  extracted  from  the  two-dimensional 
simulations  which  describes  the  electrostatical  behaviour  of 
the  grid  in  two  dimensions  (lateral  and  vertical).  This 
parameter  is  independent  of  the  doping  level  and  the  same 
for  all  structures. 

The  good  agreement  between  the  2D  simulation  model 
and  the  measured  data  allows  us  to  make  realistic  predic¬ 
tions  about  the  high  frequency  limits  of  this  structure.  The 
simulated  device  geometry  is  based  on  the  minimal  dimen¬ 
sion  achieved  by  state-of-the-art  silicon  processes.  We  con¬ 
sidered  a  grid  depth  of  0.4  pm,  grid  spacing  and  width  of 
0.5  pm  and  a  constant  doping  level  in  the  channel  in  the 
order  of  1  •  lO^’cm”^.  The  simulated  values  for  and  fj 

are  58  GHz  and  45  GHz,  respectively  (Fig.  7). 


4.  Conclusions 

Several  PBT  devices  have  been  fabricated.  The  developed 
process  steps  have  been  optimised  with  respect  to  CMOS 
compatibility  and  for  future  high  frequency  performance. 


Fig.  7.  Simulation  results  predicting  the  high  frequency  behaviour  of  the 
developed  transistors.  The  and  A  values  are  at  58,6  GHz  and 
45,38  GHz,  respectively. 
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The  analysis  results  combined  with  the  electrical  measure¬ 
ments  prove  the  controllability  and  quality  of  the  developed 
process.  The  application  of  cobalt  disilicide  for  the  forma¬ 
tion  of  Shottky  base  contacts  has  been  shown.  The  DC 
characterisation  of  the  transistors  shows  the  proper  per¬ 
formance  of  the  devices.  The  controllability  of  the  threshold 
voltage,  considering  the  dimensions  and  the  channel  doping, 
are  qualifying  the  developed  devices.  The  2D  simulation 
confirms  the  operation  of  the  presented  PBTs. 

A  higher  channel  doping  (1  •  10^®  or  1  •  10^’cm~^),  a  grid 
size  reduction  (finger  width  and  spacing)  down  to  0.5  pm 
and  a  smaller  depth  of  the  grooves  can  significantly  improve 
the  performance  of  the  PBT  devices.  Furthermore,  this 
process  can  lead  to  the  fabrication  of  a  device  for  high  fre¬ 
quency  performance,  since  the  2D  simulation  estimates  an 
/t  =  45  GHz  and  an  =  58  GHz. 
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Abstract 

Compared  to  wire  bonding  and  TAB,  flip  chip  technology  using  solder 
joints  offers  the  highest  pin  count  and  packaging  density  and  superior  elec¬ 
trical  performance.  The  chips  are  mounted  upside  down  on  the  substrate, 
which  can  be  made  of  silicon,  ceramic,  glass  or  -  in  some  cases  -  even  PCB. 
The  extra  processing  steps  required  for  chips  are  the  deposition  of  a  suit¬ 
able  thin  film  metal  layerfs)  on  the  standard  A1  pad  and  the  formation  of 
bumps.  Also,  the  development  of  new  fine  line  substrate  technologies  is 
required  to  utilize  the  full  potential  of  the  technology.  In  our  bumping 
process,  bump  deposition  is  done  by  electroplating,  which  was  chosen  for 
its  simplicity  and  economy. 

Sputter  deposited  molybdenum  and  copper  are  used  as  thin  film  layers 
between  the  aluminum  pads  and  the  solder  bumps.  A  reason  for  this  choice 
is  that  the  metals  can  be  selectively  etched  after  bumping  using  the  bumps 
as  a  mask,  thus  circumventing  the  need  for  a  separate  mask  for  etching  the 
thin  film  metals.  The  bumps  are  electroplated  from  a  binary  Pb-Sn  bath 
using  a  thick  liquid  photoresist. 

An  extensively  modified  commercial  flip  chip  bonder  is  used  for  align¬ 
ment  and  bonding.  Heat  assisted  tack  bonding  is  used  to  attach  the  chips 
to  the  substrate,  and  final  reflow  joining  is  done  without  flux  in  a  vacuum 
furnace. 


1.  Introduction 

In  flip  chip  technology  bare  silicon  chips  are  attached 
upside  down  on  a  substrate,  which  can  be  another  piece  of 
silicon,  glass,  ceramic  or  even  PCB.  IBM’s  original  process, 
known  as  C*  (for  Controlled  Collapse  Chip  Connection) 
[1],  [2]  utilized  95%-5%  Pb-Sn  solder  bumps  for  balls  for 
joining  the  chip  to  the  substrate.  IBM  used  vacuum  evapo¬ 
ration  through  holes  in  a  metal  mask  to  deposit  the  solder. 
This  is  not,  however,  very  elegant  because  of  the  relatively 
thick  layer  of  solder  required.  Also,  the  equipment  required 
is  very  expensive.  An  attractive  alternative  to  vacuum 
evaporation  is  electroplating.  Electroplating  is  widely  used 
for  plating  gold  bumps  for  TAB.  A  suitable  binary  bath  can 
be  used  to  plate  lead  and  tin  simultaneously  in  a  single 
process  step.  The  baths  are  compatible  with  standard  liquid 
photoresists,  thus  avoiding  the  cumbersome  mechanical 
masks  or  the  resolution  limits  of  dry  resists. 

Flip  chip  processes  are  similar  in  many  ways  to  printed 
circuit  board  manufacturing  and  assembly.  Fluxes  are  used 
extensively  used  in  these  processes.  In  our  process,  we  have 
purposely  avoided  the  use  of  fluxes.  This  can  be  done  if  a 
suitable  inert  or  reducing  atmosphere  is  used  in  the  reflow 
steps. 

Previously  published  descriptions  of  flip  chip  processes 
using  electroplating  may  be  found  in  references  [3]  and  [4]. 


substrate.  The  layouts  of  both,  superimposed  on  one 
another,  are  shown  in  Fig.  I.  The  size  of  the  chip  is 
10,000  pm  X  10,(X)0pm,  and  the  size  of  the  substrate  is 
10,720  pm  X  10,720  pm,  and  there  are  1,228  bumps  on  the 
chip.  The  bumps  have  been  arranged  on  daisy  chains  (see 
Fig.  2)  in  19  concentric  rings.  All  bumps  in  each  ring  are 
equidistant  from  the  chip  neutral  point,  and  in  a  bonded 


Fig.  1.  Layout  of  test  vehicle. 


Substrate 


Solder  Bump 


2.  Test  vehicle 


W////////A  Aluminum  Track 


A  set  of  masks  was  designed  for  process  development.  The  ■ - 

test  vehicle  comprises  a  test  chip  and  a  corresponding  test  Fig.  2.  The  daisy  chain  continuity  test  structure. 


Physica  Scripta  T54 


A  Flip  Chip  Process  Based  on  Electroplated  Solder  Bumps  231 


structure  are  thus  subjected  to  equal  stresses  due  to  a  pos¬ 
sible  difference  in  the  thermal  expansion  coefficients  of  the 
substrate  and  solder  materials  and/or  their  unequal  tem¬ 
peratures.  If  the  chains  were  square,  instead  of  circular,  the 
corner  bumps  would  be  41%  farther  away  from  the  center 
of  the  chip,  and  the  corner  bumps  would  also  be  subject  to  a 
mechanical  stress  also  41%  higher.  In  addition  to  the  daisy 
chains,  there  are  4- terminal  Kelvin  resistor  bumps  in  16  out¬ 
ermost  rings.  The  nominal  diameter  of  the  bumps  is  100  pm, 
and  the  approximate  pitch  is  250  pm.  The  aluminum  pads 
under  the  bumps  are  100  pm  x  100  pm  squares,  and  the 
diameter  of  the  passivation  layer  opening  is  60  pm.  The  test 
chips  are  normally  processed  on  silicon  wafers,  but  any 
material,  compatible  with  the  mask  aligner  and  other 
process  equipment,  may  be  used  for  the  substrates.  Only 
three  masks  are  required  for  both  the  chip  and  substrate 
processes  (or  four,  if  it  is  desired  to  use  Cr  instead  Mo  in  the 
under  bump  metallization). 

3.  Process  description 

The  complete  sequence  for  the  test  chip  process  is  shown  in 
Fig.  3.  100  mm  silicon  wafers  with  300  nm  of  SiOj  on  top 
are  used  as  starting  material  for  test  chips.  1  pm  of  A1  is  first 
sputtered  on  the  wafers  and  patterned  with  mask  Ml.  This 
A1  layer  emulates  the  topmost  metal  on  a  real  chip.  Next 
500  nm  of  Si02  is  deposited,  using  a  plasma  enhanced  CVD 
process.  The  oxide  layer  emulates  the  passivation  layer  on  a 
real  chip.  A  second  mask,  M2,  is  used  to  pattern  the  photo¬ 
resist  for  etching  the  contact  holes  to  A1  pads.  The  process 
steps  hereafter  are  specific  to  flip  chip  technology,  and  may 


Fig.  3.  Test  chip  process  flow.  Two  alternatives  are  shown,  depending  on 
whether  chromium  or  copper  is  used  for  the  BLMl  layer. 


be  applied  to  any  conventional  finished  wafer,  to  convert  it 
from  being  suitable  for  wire  bonding  to  being  suitable  for 
flip  chip  bonding. 

In  IBM  nomenclature,  the  combination  of  metals  used 
under  the  bumps  is  known  as  BLM  (Ball  Limiting 
Metallurgy).  A  solderable  metal  (BLM2),  such  as  Ni  or  Cu, 
must  be  used  beneath  the  solder  bumps.  This  makes  a  solder 
joint  feasible,  and  additionally  limits  the  solder  ball  in  the 
reflow  phase  (the  solderable  pad  is  wetted  by  solder  while 
the  passivation  layer  is  not).  Also,  a  suitable  barrier/ 
adhesion  metal  (BLMl)  must  be  used  between  the  solder¬ 
able  metal  and  the  aluminum  pads.  The  standard  metal 
used  for  this  purpose  is  chromium  [5].  In  our  process,  the 
BLM  metals  are  etched  after  the  electroplating  step,  using 
the  solder  bumps  as  a  mask.  The  BLM  metals,  together  with 
the  Pb  and  Sn  in  the  solder,  form  a  complex  four-metal 
system,  the  choice  of  which  is  non-trivial  to  retain  a  reason¬ 
able  selectivity  in  the  etching  steps.  The  apparent  reflow 
properties  of  the  bumps  are  easily  affected,  if  no  fluxes  are 
allowed  in  reflow.  For  these  reasons,  discussed  in  greater 
depth  in  a  companion  paper  [6],  we  have  selected  Mo  and 
Cu  for  BLMl  and  BLM2,  respectively. 

150nm  of  Mo  is  sputtered  on  wafers,  and  this  is  followed 
by  sputtering  of  500  nm  of  Cu.  Topologically,  for  electro¬ 
plating  all  bump  sites  must  lie  within  a  simply-connected 
domain  on  the  wafer  surface,  which  is  most  easily  realized  as 
a  blank  metal  layer  covering  the  whole  surface  of  the  wafer. 
If  it  is  desired  to  use  Cr  instead  of  Mo  for  BLMl,  it  must  be 
patterned  using  an  additional  mask  before  the  sputtering  of 
BLM2. 

The  BLM  metal  layers  are  next  covered  with  a  20  pm 
thick  photoresist  (AZ  4620),  which  is  then  patterned  with 
mask  M3.  After  development,  there  will  be  100  pm  diameter 
holes  in  the  photoresist  at  the  sites  where  the  bumps  will  be 
plated.  The  holes  in  the  thick  photoresist,  as  well  as  the 
passivation  layer  openings  defined  by  mask  M2,  are  circular 
in  order  to  avoid  the  high  local  mechanical  stress  that 
would  inevitably  occur  at  the  corners  of  square  shapes.  No 
post-development  bake  is  used  for  the  photoresist  to  avoid 
the  deformation  of  the  resist  profile.  The  target  volume  for 
our  bumps  is  1.31  •  10“ ^^m^,  which  means  that  the  bump 
shape  after  plating  will  be  peduncular,  as  opposed  to  the 
sessile  shape  of  the  gold  bumps  normally  used  for  TAB, 
with  only  12%  of  the  total  volume  in  the  peduncle.  This  is 
of  no  consequence,  as  long  as  the  pitch  is  large  enough  so 
that  there  is  no  risk  of  the  caps  of  neighbouring  bumps 
joining  into  one,  as  the  final  bump  shape  will  be  defined 
later  in  the  reflow  steps. 

A  binary  bath  is  used  for  bump  deposition,  i.e.  both  lead 
and  tin  are  plated  simultaneously.  We  have  chosen  to  use 
LeaRonal’s  Solderon  M-54  bath,  which  is  based  on  alcyl 
sulfonic  acid.  The  singly  baked  AZ  4620  photoresist  with¬ 
stands  this  acid  very  well  at  room  temperature  but  not  at 
elevated  temperatures  (-t-40 ...  50°C).  Fig.  4  shows  the 
variation  of  the  lead  content  of  the  solder  reduced  on  the 
cathode  as  a  function  of  the  plating  current  density  for  the 
M-54  bath.  This  curve  was  obtained  by  plating  5  pm  of 
solder  on  brass  cathodes  of  a  size  of  36  mm  x  46  mm  using 
various  currents  at  room  temperature,  and  by  an  RBS 
analysis  of  the  topmost  2  pm  in  the  center  of  the  samples. 
The  peduncular  bump  shape  means  that  the  area  of  the 
bump  in  contact  with  the  bath  varies  in  a  ratio  of  almost 
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Current  density  [A/m2] 

Fig.  4.  The  measured  variation  of  the  lead  content  (weight  per  cent)  in  the 
solder  metal  reduced  at  the  cathode  as  a  function  of  the  plating  current 
density.  The  data  is  for  LeaRonal’s  Solderon  M-54  bath. 


1 : 5  during  plating.  In  order  to  achieve  a  lead  content  of 
90%,  the  plating  current  must  be  adjusted  according  to  this 
area  variation  so  that  the  current  density  remains  constant 
at  175  A/m^.  A  heuristic  model  was  developed  for  the  bump 
shape,  and  it  was  implemented  in  a  computer  program  used 
to  control  a  Keithley  238  current  supply.  The  plating  is 
done  on  a  completely  rebuilt  AmeriChem  Lab-Style  plating 
machine.  A  piece  of  platinized  titanium  mesh  is  used  as  a 
passive  anode.  A  cross  section  of  the  bump  after  plating  is 
shown  schematically  in  Fig.  5. 

After  plating,  the  thick  photoresist  is  stripped  off.  A  SEM 
view  of  bumps  after  this  step  is  shown  in  Fig.  6.  The  copper 
layer  is  etched  using  an  alkaline  etchant  and  the  molyb- 
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Fig.  5.  A  schematic  cross  section  (not  to  scale)  of  a  bump  after  the  plating 
step. 


Fig.  6.  A  SEM  view  of  bumps  after  thick  photoresist  strip.  The  character¬ 
istic  peduncular  shape  of  the  as-grown  bumps  is  clearly  visible. 


denum  using  a  phosphoric  acid  etchant  [5]  using  the  bumps 
as  a  mask.  The  wafers  are  then  subjected  to  reflow  in  a 
90%-10%  Ar-Hj  ambient  at  -|-400°C  at  a  pressure  of 
ImTorr  in  a  homebrew  vacuum  furnace.  In  this  step,  the 
bumps  assume  their  characteristic  spherical  shape,  limited 
by  the  BLM  pad  underneath.  A  SEM  view  of  reflown 
bumps  is  shown  in  Fig.  7. 

A  somewhat  similar  three-mask  process  is  used  to  make 
the  test  substrates  except  there  are  no  bumps  on  them. 
Instead,  a  standard  photolithographic  step  is  used  to 
pattern  the  BLM  pads  on  the  substrate  side.  Additionally, 
electroless  nickel  (500  nm)  and  electroless  gold  (300  nm), 
deposited  using  commercial  baths  from  Shipley,  are  used  to 
passivate  the  substrate  pads  against  oxidation  which  would 
otherwise  occur  in  the  bonding  step.  The  nickel  barrier  is 
required  to  prevent  the  gold  from  dissolving  into  the  copper 
when  the  substrate  lies  on  the  heated  stage  during  align¬ 
ment.  The  test  chips  and  substrates  are  joined  together 
using  an  extensively  modified  Laurier  TL-271  flip  chip 
bonder  (Fig.  8).  In  this  machine,  a  rather  massive  substrate 
holder  is  heated  close  to  the  melting  point  of  the  solder.  The 
chip  is  then  aligned  with  the  substrate  with  the  aid  of  a 
prism  type  cube  beam  splitter  and  a  video  camera.  During 
alignment,  the  distance  between  the  chip  and  the  substrate 
is  about  3  cm.  After  alignment,  the  beam  splitter  is  pulled  off 


Fig.  7.  A  SEM  view  of  bumps  after  reflow. 


Physica  Scripta  T54 


A  Flip  Chip  Process  Based  on  Electroplated  Solder  Bumps  233 


Fig.  8.  A  general  view  of  the  Laurier  TL-271  flip  chip  bonder/aligner.  A 
vacuum  collet  picks  up  the  chip  from  the  waffle  pack  (center  right)  and 
takes  it  to  above  the  substrate  stage  (center  left).  Alignment  is  done  with 
the  aid  of  a  video  camera  attached  to  a  beam  splitting  optical  probe  (left). 
The  alignment  is  checked  on  the  video  monitor  (right). 

from  between  the  chip  and  substrate,  and  the  chip  is 
lowered  onto  the  substrate.  The  chip  is  then  tack-bonded  to 
the  substrate  using  a  pulse  of  hot  nitrogen  gas,  and  the 
joining  is  completed  in  a  further  reflow  step  in  the  vacuum 
furnace.  During  this  step,  the  chips  float  freely  on  the 


Fig.  9.  Test  chip  bonded  to  a  glass  substrate.  The  bumps  are  seen  through 
the  substrate,  the  dark  circular  pads  are  the  100  pm  diameter  molybdenum 
BLM  pads  on  the  glass. 


molten  solder  bumps,  and  the  forces  resulting  from  the 
surface  tension  of  the  solder  perform  the  self-alignment 
unique  to  this  process.  No  post-reflow  clean  is  necessary,  as 
no  fluxes  are  used.  Fig.  9  shows  a  portion  of  a  test  chip 
bonded  to  a  glass  substrate. 


4.  Summary  and  conclusions 

The  outline  for  a  flip  chip  process  based  on  electroplated 
solder  bumps  was  presented.  The  design  of  a  test  chip  and 
substrate  used  for  process  development  was  also  described. 
Electroplating  provides  an  economical  way  to  selectively 
deposit  the  required  amount  of  solder.  Both  lead  and  tin 
can  be  plated  simultaneously  in  the  desired  proportion.  A 
nonstandard  feature  of  the  process  is  the  use  of  molyb¬ 
denum  for  the  adhesion/barrier  metal.  Molybdenum  was 
chosen  because  the  etching  of  more  chromium  affected  the 
reflow  properties  of  bumps  in  the  flux-free  process. 
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Abstract 

Chemical  vapour  deposition  (CVD)  of  expitaxial  silicon  was  carried  out  in 
a  single  wafer,  rapid  thermal  processing  (RTP)  reactor  chamber.  The  silicon 
wafer  was  heated  volumetrically  by  microwaves.  The  silicon  growth  was 
realised  by  thermal  pyrolysis  of  SiH^  at  ~700°C  on  blank  and  patterned 
silicon  wafers.  The  reactor  chamber  was  equipped  with  a  molecular-turbo 
pump  backed  by  a  booster/rotary  pump  package;  the  base  pressure  of  the 
reactor  chamber  was  better  than  10"’ Pa.  Silicon  deposition  was  carried 
out  in  the  pressure  range  of  1-20  Pa.  Prior  to  deposition,  the  system  was 
purged  with  at  50  Pa,  either  at  700  °C  for  15  min  or  at  900  “C  for  15  sec. 
A  typical  epitaxial  silicon  growth  rate  was  5nm/min  at  700  °C.  The  quality 
of  the  epitaxial  silicon  layers,  studied  by  means  of  Rutherford  backscatter- 
ing  spectrometry  (RBS),  X-ray  diffraction  (XRD),  and  cross-sectional  scan¬ 
ning  electron  microscopy  (XSEM),  was  found  to  be  sensitive  to  a  number 
of  deposition  parameters,  including  substrate  temperature,  gas  flow  rate 
and  surface  cleaning. 

1.  Introduction 

In  the  silicon  integrated  circuit  (IC)  technology,  two  trends 
have  always  been  consistent:  lateral  and  vertical  down- 
scaling  of  IC  device  dimension  and  increase  in  wafer  size. 
This  evolution  places  increasingly  high  demands  on  thermal 
budget  and  calls  for  more  flexible  manufacturing  tech¬ 
nology,  which  have  in  turn  led  to  the  development  of  single 
wafer  reactors  and  rapid  thermal  processing  (RTP)  [1]. 
Device  processing  with  low  thermal  budget  is  essential  for 
today’s  very-large  scale  integration  (VLSI)  technology.  Low 
temperature  epitaxial  growth  of  silicon  is  of  particular  inter¬ 
est  for  device  applications,  e.g.,  high  frequency  components 
[2].  Over  the  past  5  years,  we  have  developed  an  RTP 
system  that  utilises  microwave  energy  to  accomplish  volu- 
metrical  heating  of  the  silicon  substrate  [3-6].  This  is  differ¬ 
ent  from  the  majority  of  the  commercially  available  RTP 
systems  where  wafer  heating  is  realised  by  surface  absorp¬ 
tion  of  infrared  light  [7].  We  have  shown  that  microwave 
heating  of  wafers  is  unique  in  its  uniformity  and  good  tem¬ 
perature  control  during  deposition  processes  [4]  and  its 
inherent  microwave  plasma  facility  for  in-situ  surface  clean¬ 
ing  [3]. 

In  the  microwave  heated  RTP  (MRTP)  system,  a  100  mm 
silicon  wafer  is  placed  in  the  electric  field  minimum  of  a 
cylindric  reactor  chamber  which  is  designed  as  a  resonant 
cavity  preferentially  exciting  the  TE112  mode  at  2.45  GHz 
[3,  5,  6].  The  microwave  energy  is  inductively  coupled  to 
the  wafer  and  the  wafer  heating  is  purely  resistive.  The 
silicon  wafer  can  be  uniformly  heated  up  to  1000  °C  within 
40  seconds  [3,  5].  The  reactor  is  equipped  with  a  molecular- 
turbo  pump  backed  by  a  booster/rotary  pump  package,  the 
base  pressure  of  the  process  chamber  is  better  than  10"^  Pa. 
The  process  gases  of  high  purity  are  introduced  into  the 


reactor  chamber  via  respective  mass-flow  controllers.  This 
system  has  been  utilised  for  rapid  thermal  annealing  (RTA), 
as  well  as  for  chemical  vapour  deposition  (CVD)  [3,  4,  6] 
and  in-situ  plasma  etching  [3].  This  paper  presents  new 
experimental  results  on  silicon  epitaxial  growth  at  low  tem¬ 
perature  (~700°C)  and  low  pressure  (~10Pa),  on  blank 
and  patterned  silicon  wafers.  The  impact  of  in-situ  surface 
cleaning  will  be  discussed. 

2.  Experimental 

A  detailed  description  of  the  MRTP  system  is  found  else¬ 
where  [3,  6].  Silicon  wafers  of  <100>  orientation,  100  mm  in 
diameter  and  0.525  mm  thick  were  used  in  this  work.  Oxide 
(SiOj)  layers  of  either  lOOnm  or  500  nm  thickness  were  first 
thermally  grown  on  the  wafers.  On  the  wafers  with  the  thick 
oxide,  narrow  lines  of  1.0  to  5.0  pm  width,  defined  by  litho¬ 
graphic  technique,  were  etched  into  the  oxide  layer  down  to 
the  silicon  substrate.  On  the  wafers  with  thin  oxide,  the 
oxide  on  one  half  of  the  wafer  was  stripped  off  from  both 
sides  in  an  HF  solution.  Immediately  before  wafer  loading, 
all  the  wafers  were  dipped  in  diluted  HF  (1  in  IOH2O)  for 
10  sec  to  remove  the  native  oxide  from  the  exposed  silicon 
surface.  The  patterned  wafers  were  then  rinsed  in  deionised 
water,  and  spin-dried  in  N2 .  The  wafers  with  oxide  removed 
from  one  half  of  the  wafer  surface  (blank  wafers)  were  not 
rinsed  in  water,  leaving  a  hydrogen  passivated  silicon 
surface  [8].  After  wafer  loading,  the  reactor  chamber  was 
evacuated  to  a  base  pressure  below  10“^  Pa. 

Silicon  epitaxial  growth  was  carried  out  using  pure  SiH4 
or  SiH4/H2  mixtures  at  temperatures  from  650  to  710  °C. 
Before  admittance  of  SiH4 ,  the  reactor  chamber  was  purged 
with  H2  at  a  pressure  of  50  Pa.  During  the  purge,  the  wafer 
was  kept  at  a  temperature  of  700  or  900  °C.  The  duration  of 
the  purge  step  was  15  min  or  15  sec,  respectively.  Table  I 
presents  the  typical  experimental  conditions  for  this  work. 
The  silicon  epitaxy  on  the  blank  wafers  was  characterised 
by  means  of  X-ray  diffraction  (XRD)  with  CuK^  radiation, 
and  Rutherford  backscattering  spectrometry  (RBS)  in  chan¬ 
nelling  mode,  while  the  silicon  epitaxy  on  the  patterned 
wafers  was  studied  by  cross-sectional  scanning  electron 
microscopy  (XSEM)  in  combination  with  Secco  etch  [9]. 

3.  Results 

3.1.  XRD  studies  on  blank  wafers 

The  preliminary  verification  of  epitaxially  aligned  silicon 
layer  in  accordance  to  the  substrate  orientation  was  provid¬ 
ed  by  XRD  using  a  6-26  diffractometer.  For  deposition  in 
pure  SiH4  at  a  wafer  temperature  of  690  °C,  the  XRD  results 
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Table  I.  Summary  of  the  experimental  results 


Wafer* 

purge 

Depo.  temp. 

SiH4  part.  pres,  and  flow  rate 

Total  pressure 

Depo.  rate 

Film  structuret 

1 

900  °C/50  Pa/15  s 

690  ““C 

6  Pa/0.9  seem 

6Pa(NoHj) 

4.5  nm/min 

align(ml) 

2 

900  °C/50  Pa/15  s 

650 '’C 

6  Pa/0.9  seem 

6Pa(NoH2) 

3.9  nm/min 

align(h) 

3 

900  °C/50  Pa/15  s 

690  “C 

8  Pa/1.2  seem 

8Pa(NoH2) 

8.4  nm/min 

poly 

4 

900  °C/50  Pa/15  s 

710  “C 

6  Pa/0.9  seem 

6Pa(NoH2) 

6.7  nm/min 

align(h) 

5 

700 ‘'C/50  Pa/15  m 

710  °C 

6  Pa/0.9  seem 

6Pa(NoH2) 

6.7  nm/min 

align(h) 

6 

700 ‘’C/50  Pa/1 5  m 

710  "“C 

4  Pa/0.6  seem 

4Pa(NoHj) 

4.4  nm/min 

align(h) 

7 

700 ‘’C/50  Pa/1 5  m 

710 ‘■C 

6  Pa/0.9  seem 

12Pa(InH2) 

5.0  nm/min 

ahgn(ml) 

8 

900 ‘’C/50  Pa/15  s 

710  “C 

6  Pa/0.9  seem 

12Pa(InH2) 

5.0  nm/min 

*  All  the  wafers  were  blank,  except  for  wafer  #  8  which  was  line-patterned. 

t  “align”  and  “poly”  denote  epitaxial  alignement  to  the  substrate  orientation  and  polycrystalline  silicon  deposition,  respectively,  on  the  silicon  surface, 
according  to  the  XRD  analysis,  “ml”  and  “h”,  both  in  parenthesis,  represent  the  result  of  surface  inspection:  mirror-like  and  hazy,  respectively. 


(wafer  #1)  shown  in  Fig.  1  clearly  demonstrate  that  the 
silicon  deposited  on  SiOj  (curve  a)  is  polycrystalline, 
because  of  the  appearance  of  the  (111),  (220),  (311),  (331)  and 
(422)  diffraction  peaks,  in  addition  to  the  strong  (400)  dif¬ 
fraction  peak  (at  about  29  =  69°)  mainly  from  the  substrate. 
In  contrast,  the  silicon  deposited  on  the  silicon  surface 
(curve  b)  is  epitaxially  aligned  to  the  substrate  orientation. 
The  deposition  rate  was  4.5  nm/min. 

A  reduction  of  the  wafer  temperature  to  650  °C  (wafer 
#2),  and  with  the  other  parameters  the  same  as  for  wafer 
#  1,  resulted  in  a  slightly  lower  deposition  rate  (3.9  nm/min) 
as  compared  to  that  for  wafer  #1  (Table  I).  The  silicon 
deposited  on  the  silicon  surface  was  again  found  to  be 
aligned  to  the  substrate  orientation  (curve  c,  Fig.  1). 
However,  the  wafer  surface  was  quite  hazy  (not  mirror-like), 
revealing  the  poor  quality  of  the  epitaxial  layer. 

For  wafer  #3,  the  deposition  was  carried  out  at  690  °C 
but  with  a  higher  SiH4  flow  rate  than  for  wafer  #  1,  in  order 
to  obtain  a  higher  deposition  rate  [10].  The  deposition  rate 
increased  to  8.4  nm/min,  but  the  silicon  deposited  on  the 
silicon  surface  was  now  polycrystalline  (curve  d.  Fig.  1). 
Increasing  the  wafer  temperature  from  690  °C  to  710  °C 
(wafer  #4),  while  keeping  the  other  parameters  used  for 


Silicon  deposition  below  700  "C 


Fig.  I.  XRD  results  of  wafers  #1  to  #3  showing  polycrystalline  silicon 
deposition  on  the  SiOj  surface  for  wafer  #  1  (curve  a),  epitaxially  aligned 
silicon  on  the  silicon  surface  for  wafer  #1  (curve  b),  epitaxially  aligned 
silicon  on  the  silicon  surface  for  wafer  #2  (curve  c),  and  polycrystalline 
silicon  deposition  on  the  silicon  surface  for  wafer  #  3  (curve  d).  The  Miller 
indices  are  assigned  to  the  diffraction  peaks  from  the  deposited  silicon 
layer. 


wafer  #1  unchanged,  resulted  again  in  alignment  of  the 
deposited  silicon  on  the  silicon  surface  according  to  the 
XRD  results  shown  in  Fig.  2  (curve  a).  But  the  surface  was 
still  hazy  as  wafer  #2.  The  deposition  rate  for  this  wafer 
was  50%  higher  than  that  for  wafer  #  1  (Table  I).  The  varia¬ 
tion  of  the  temperature  and  time  for  the  in-situ  surface 
cleaning  in  the  Hj  atmosphere  did  not  alter  the  results 
much  (wafer  #5),  according  to  the  XRD  analysis  (results 
not  shown).  The  deposition  rates  for  wafers  #2,  #4  and 
#5  were  too  high  to  achieve  good  epitaxial  growth  at  the 
respective  deposition  temperatures  used. 

To  reduce  the  deposition  rate,  there  are  many  viable 
approaches.  Decreasing  the  deposition  temperature  could  be 
a  solution,  but  the  results  of  wafer  #  2  clearly  show  that  this 
is  not  adequate.  Reducing  the  SiH^  flow  rate  or  decreasing 
the  SiH4  coneentration  could  also  be  considered.  The 
former  process  (wafer  #  6)  did  not  convert  the  hazy  surface 
into  a  mirror-like  one,  although  the  deposited  silicon  was 
still  aligned  (curve  b.  Fig.  2).  The  latter  process  with  as 
carrier  gas  (wafer  #7),  however,  resulted  in  a  much  better 
growth;  besides  the  epitaxial  alignment  indicated  by  curve  c 
in  figure  2,  the  surface  was  mirror-like.  On  the  same  wafer 
(i.e.  #7),  the  silicon  deposition  on  the  SiOj  surface  was 
polycrystalline  (curve  d.  Fig-  2).  The  deposition  rate  was 
reduced  from  6.7  nm/min  to  5.0  nm/min. 


Fig.  2.  Similar  XRD  results  of  wafers  #4,  #6  and  #7  showing  epitaxially 

aligned  silicon  on  the  silicon  surface  for  wafer  #4  (curve  a),  epitaxially 

aligned  silicon  on  the  silicon  surface  for  wafer  #6  (curve  b),  epitaxially 

aligned  silicon  on  the  silicon  surface  for  wafer  #7  (curve  c),  and  poly- 

crystalline  silicon  deposition  on  the  SiOj  surface  for  wafer  #  7  (curve  d). 


Physica  Scripta  T54 


236  S.-L.  Zhang  and  R.  Buchta 


In  Fig.  2,  the  intensity  of  the  diffraction  peaks  at  about 
33°  (also  a  diffraction  peak  from  the  substrate)  and  69°  is 
extremely  sensitive  to  the  sample  mounting  in  the  diffrac¬ 
tometer  because  the  wafers  are  not  exactly  in  a  (100)  orien¬ 
tation.  The  occasional  absence  of  the  33°  peak,  along  with 
the  substantial  reduction  of  the  intensity  of  the  69°  peak  is 
attributed  to  a  slight  off-orientation  of  the  samples  relative 
to  the  diffractometer  geometry. 

3.2  RBS  analyses  on  blank  wafers 

The  XRD  results  only  provide  a  first  indication  of  the  align¬ 
ment  of  deposited  silicon  layers  in  accordance  to  the  sub¬ 
strate  orientation.  To  investigate  the  impact  of  various 
deposition  parameters  on  the  quality  of  epitaxy,  a  more 
sophisticated  analysis  technique  has  to  be  employed.  A 
more  rigorous  examination  of  epitaxial  growth  is  provided 
by  RBS  in  channelling  mode.  RBS  spectra  for  wafers  #1 
and  #7  are  shown  in  Fig.  3.  The  observation  of  a  much 
lower  yield  of  the  aligned  sample  than  that  for  the  randomly 
oriented  sample  for  both  wafers  provides  solid  evidence  of 
epitaxial  alignment  of  the  deposited  silicon  layer.  The  inter¬ 
face  between  the  deposited  silicon  layer  and  the  substrate  is 
also  indicated  in  Fig.  3.  The  value  of  Xmin>  characteristic  of 
the  quality  of  epitaxy,  is  calculated  (average  of  the  yields 
over  5  channels)  to  be  4.3%  and  10.7%  for  wafers  #  1  and 
#7,  respectively,  indicating  a  better  epitaxy  quality  for 
wafer  #  1  despite  a  lower  deposition  temperature  used.  The 
best  value  for  wafer  #  1  is  in  fact  slightly  below  4.0%,  if 
only  the  yield  at  one  specific  channel  is  used  for  the  calcu¬ 
lation.  In  any  case,  the  Xmin  value  for  wafer  #  1  is  quite  close 
to  that  reported  by  Meyerson  et  al.  for  their  epitaxial 
growth  at  750 °C  and  above:  i.e.  4.0%  [11,  12]. 

3.3.  XSEM  studies  on  patterned  wafers 

Epitaxial  silicon  growth  was  also  be  performed  on  the  pat¬ 
terned  wafers  with  narrow  lines  of  down  to  1.0  pm  width 
(wafer  #8,  table  1).  Referring  to  the  RBS  results  shown  in 
Fig.  3,  the  in-situ  Hj  purge  procedure  used  for  wafer  #1 
was  chosen,  i.e.  a  short  temperature  pulse  at  900  °C  for  15  s. 
For  the  deposition,  the  conditions  used  for  wafer  #7  were 
adopted.  The  deposited  silicon  layer  on  the  Si02  clearly 
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Fig.  3.  RBS  results  verifying  the  epitaxial  silicon  growth  on  the  silicon  sub¬ 
strate  for  wafers  #  1  and  #  7.  The  value  for  Zmi„  is  calculated  to  be  4.3% 
for  wafer  #  1  and  10.7%  for  wafer  #7. 


Fig.  4.  XSEM  studies  of  wafer  #  8  (Table  I),  after  the  Secco’s  etch  for 
20  sec,  providing  further  evidence  on  (a)  polycrystalline  silicon  deposition 
on  SiOj ,  and  epitaxial  silicon  growth  on  silicon,  and  (b)  the  silicon  deposi¬ 
tion  on  the  side-walls  of  the  SiOj  windows  is  also  polycrystalline  under  the 
deposition  conditions  used. 


shows  typical  column-like  polycrystalline  structures,  as 
revealed  by  XSEM  (Fig.  4).  This  is  different  from  the  layer 
deposited  on  the  silicon  surface  in  the  Si02  windows,  where 
the  deposited  silicon  is  essentially  free  of  such  column-like 
structures  (4a).  The  Secco  etch  (of  20  sec)  has  removed  some 
of  the  polycrystalline  silicon  on  top  of  Si02 ,  while  the  epi¬ 
taxial  silicon  grown  on  the  substrate  surface  is  almost  intact. 
The  XSEM  picture  with  higher  magnification  (4b)  further 
shows  that  the  silicon  deposited  on  the  side-walls  of  the 
Si02  layer  is  also  polycrystalline,  pointing  to  the  predomi¬ 
nance  of  polycrystalline  silicon  growth  in  such  areas  under 
the  present  deposition  conditions.  It  is  also  seen  that  the 
epitaxial  growth  on  the  silicon  surface  contains  local  defects 
at  the  interface,  which  can  be  attributed  to  the  presence  of 
local  surface  contamination  such  as  trace  native  oxide.  To 
remove  such  surface  contamination,  a  more  effective  in-situ 
surface  cleaning  technique  is  needed. 

4.  Discussion  and  conclusions 

The  quality  of  the  silicon  epitaxy  is  sensitive  to  a  number  of 
deposition  parameters:  the  substrate  surface  condition, 
the  deposition  rate  and  the  wafer  temperature.  The  surface 
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cleaning  prior  to  the  deposition  is  crucial  and  any  contami¬ 
nation  on  the  surface  leads  to  failure  of  epitaxial  growth. 
The  approach  taken  in  this  work  was  a  short  etch  in  diluted 
HF  prior  to  wafer  loading.  Pre-baking  in  was  always 
performed  in-situ  in  order  to  remove  the  trace  native  oxide 
remaining  on  the  substrate  surface  and  to  passivate  the 
surface  with  hydrogen  atoms.  Such  baking  in  H2  above 
800  °C  has  been  shown  to  be  very  effective  for  the  removal 
of  native  oxide  [13].  The  major  difference  between  wafer 
#  1  and  wafers  #  6  and  #  7  was  the  different  in-situ  surface 
cleaning  procedures  utilised;  for  these  wafers,  the  deposition 
rates  were  quite  comparable.  Thus,  the  experimental  results 
(Fig.  3)  seem  to  confirm  that  the  temperature  used  for  this 
in-situ  surface  cleaning  has  to  be  sufficiently  high  in  order  to 
be  effective. 

It  has  been  shown  that  the  deposition  temperature  and 
deposition  rate  are  the  other  two  major  parameters  that 
determine  the  quality  of  silicon  epitaxy.  The  deposition  tem¬ 
perature  is  of  prime  importance,  because  it  determines  the 
thermal  migration  of  the  adsorbed  silicon  atoms  on  the  sub¬ 
strate  surface.  For  a  given  deposition  rate,  there  exists  a 
temperature  threshold  below  which  the  epitaxy  becomes 
very  difficult.  If  the  deposition  rate  is  too  high,  the  adsorbed 
silicon  atoms  would  not  have  sufficient  time  to  migrate 
before  they  are  buried  by  newly  adsorbed  silicon  atoms. 
This  is  indeed  the  case  for  wafer  #2.  In  general,  the  tran¬ 
sition  from  polycrystalline  silicon  growth  to  epitaxial  silicon 
growth  took  place  in  the  temperature  range  of  700-750  °C 
[8], 

In  summary,  a  more  sophisticated  in-situ  surface  cleaning 
method  is  required  to  insure  a  surface  adequate  for  high 
quality  silicon  epitaxy.  In-situ  surface  cleaning  methods 
involving  the  use  of  different  reactive  gas  species,  such  as 
GeH4,  HF  and  NF3,  or  using  microwave  plasmas  have 
been  examined  [1].  Because  of  the  inherent  microwave 
plasma  facility  with  the  MRTP  system  [3],  in-situ  surface 
cleaning  with  microwave  plasmas  is  the  approach  we  are 


considering.  Under  proper  control  of  the  surface  condition, 
silicon  epitaxy  of  high  quality  can  be  obtained  below  700  °C. 
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Abstract 

The  room  temperature  growth  of  Au  on  Si(lll)  7x7  has  been  followed 
continuously  with  second-harmonic  generation,  and  at  selected  coverages 
with  low  energy  electron  diffraction  and  Auger  electron  spectroscopy, 
during  the  evaporation  of  the  first  15  monolayers.  A  fast  decay  of  the 
second-harmonic  signal  in  the  submonolayer  regime  is  associated  with  dis¬ 
ordering  of  the  7  X  7  structure.  This  is  followed  by  a  local  maximum  at 
about  1  monolayer  coverage.  The  origin  of  this  maximum  is  not  yet  fully 
understood.  In  the  range  from  2  to  5  monolayers,  the  signal  variations 
reflect  the  formation  of  Au  islands  with  areas  of  free  Si  in  between.  Above  5 
monolayers  second-harmonic  generation  shows  increasing  order  in  the 
system  which  is  ascribed  to  the  creation  of  an  ordered  Au/Si  interface, 
starting  when  a  closed  Au  layer  is  formed.  Annealing  of  the  room  tem¬ 
perature  deposited  Au  layer  leads  to  interface  ordering  even  at  low  tem¬ 
peratures  where  no  superstructure  is  observable  with  low  energy  electron 
diffraction. 

1.  Introduction 

The  Au/Si(lll)  system  has  been  investigated  by  a  variety  of 
surface  sensitive  techniques  with  the  purpose  of  studying  the 
room  temperature  growth  of  thin  films  and  the  formation  of 
ordered  structures  on  annealed  surfaces.  Scanning  tunnel¬ 
ling  microscopy  (STM)  studies  have  contributed  substan¬ 
tially  to  the  understanding  of  ordered  structures  [1,  2].  A 
number  of  experiments  have  supported  a  model  where  the 
Au,  after  a  critical  coverage,  grows  as  an  intermixed  Au-Si 
layer  on  top  of  the  substrate  [3,  4].  However,  recent  experi¬ 
ments  [5,  6]  have  suggested  that  room  temperature  growth 
leads  to  an  abrupt  interface  between  metallic  Au  and  bulk 
Si. 

Second-harmonic  generation  (SHG)  has  previously  been 
used  on  the  Au/Si  system.  McGilp  [7]  studied  the  Au/Si 
interface  at  selected  coverages  in  the  2  to  12  monolayer 
(ML)  range  using  a  sample  cut  4°  from  a  (111)  plane.  Evi¬ 
dence  for  ordered  terraces  at  high  coverages  was  obtained. 
Au  deposition  at  high  substrate  temperatures  has  earlier 
been  monitored  by  SHG  and  variations  in  surface  recon¬ 
struction  with  Au  coverage  were  identified  [8].  In  the 
present  work  the  growth  of  the  first  15  ML  of  Au  on  Si(lll) 
7  X  7  is  studied  by  SHG.  With  this  technique  it  is  possible 
to  follow  the  growth  process  continuously  during  evapo¬ 
ration  and,  even  more  importantly,  to  study  the  Au/Si  inter¬ 
face  below  the  growing  overlayer,  since  the  attenuation  of 
light  through  a  thin  Au  layer  is  very  small. 

2.  Theory 

Optical  SHG  is  a  result  of  a  nonlinear  polarization  P{2oj) 
induced  by  an  applied  laser  field  E{o3)-. 

Pi  =  tiEl(o)E,{a,),  (1) 


where  is  the  second  order  susceptibility  tensor.  In  the 
bulk  of  centrosymmetric  media  such  as  Si,  all  elements  of 
x‘^'  vanish.  Only  surface  and  interface  regions  with  broken 
inversion  symmetry  will  contribute  to  SHG.  The  non¬ 
vanishing  elements  of  x^^^  will  then  reflect  the  macroscopic 
symmetry  of  the  interface  [9].  Also  spatially  nonlocal  terms 
of  higher  order  than  the  dipole  term  in  eq.  (1)  can  contrib¬ 
ute.  At  the  surface,  these  terms  can  be  included  in  an  effec¬ 
tive  surface  dipole  susceptibility  [10].  For  a  surface  with  3m 
symmetry  the  SH  fields  of  interest  are  given  by 

EpP-Oj)  =  aUtlzxx  +/2  Xxxz  +/3  Xzzz  klxxx  COS  (3</))] 

X  (2) 

£42(o)  =  a[/5  Xzxx  +  /e  Xxxx  cos  (3</))]£,(a))^  (3) 

Eplloi)  =  a/7  Xxxx  sin  (3(^)]£p(ft))/  (4) 

where  £„„(2cu)  indicates  the  n-polarized  SH  field  for  an  m- 
polarized  pump  field  and  the  /  are  Fresnel  factors.  The 
x-axis  is  parallel  to  the  [2111  direction  and  z  is  along  the 
surface  normal.  In  the  present  experiments,  the  angle  0 
between  a  [2111  direction  and  the  plane  of  incidence  was 
chosen  to  30°.  This  makes  it  possible  to  separate  Xxxx  nnd 
Xzxx  by  proper  choice  of  polarization  combinations.  Terms 
involving  Xxxx  vary  with  (p  and  show  the  symmetry  of  the 
system.  Thus,  for  </>  =  30°,  the  to  S2  polarization  com¬ 
bination  (p-polarized  pump  to  s-polarized  SH)  can  be  used 
to  monitor  order  in  the  system. 

The  surface  sensitivity  of  SHG  is  particularly  high  if  the 
nonlinear  excitation  involves  localized  surface  states.  This 
has  been  shown  to  be  the  case  for  the  7x7  reconstructed 
Si(lll)  surface  [11].  With  1064  nm  (1.17  eV)  pump  light  a 
near  resonant  excitation  from  filled  rest  atom  states  situated 
0.9  eV  below  the  Fermi  edge  to  unoccupied  adatom  states 
gives  the  dominating  contribution  to  Xxxx  ■ 

3.  Experimental 

The  silicon  samples  were  1  mm  thick  n-type,  P-doped  wafers 
with  a  resistivity  of  4.5  ohm-cm.  Clean  7x7  surfaces  were 
obtained  by  direct  resistive  heating  to  about  1100°C.  The 
UHV  system  was  designed  for  optical  measurements  with  a 
number  of  closely  spaced  windows  and  equipped  for  low 
energy  electron  diffraction  (LEED)  and  Auger  electron 
spectroscopy  (AES).  Gold  was  evaporated  from  a  Au 
wire  heated  by  a  tungsten  coil.  The  evaporation  rate 
(about  0.7A/min)  was  measured  by  a  quartz  oscillator 
and  the  pressure  during  evaporation  stayed  below 
1.4  X  10“'°mbar.  The  SHG  measurements  were  performed 
with  a  Q-switched  Nd:YAG  laser  delivering  10  ns  pulses  at 
20  Hz  with  a  wavelength  of  1064  nm.  The  energy  density  was 
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kept  below  20mJ/cm^.  A  photomultiplier  tube  connected  to 
gated  electronics  was  used  to  detect  the  SH  signals. 

4.  Results  and  discussion 

Figure  1  shows  the  intensities  of  SHG  during  Au  deposition 
on  Si(lll)  7  X  7  for  different  polarization  combinations  of 
the  pump  and  SH  light  using  an  angle  of  incidence  of  35°. 
All  three  configurations  show  a  fast  decay  of  the  SH  signal 
in  the  submonolayer  regime.  This  is  consistent  with  observa¬ 
tions  with  LEED  showing  a  gradual  decay  of  the  7  x  7 
structure  and  thus  the  loss  of  the  dangling  bonds  states 
responsible  for  the  relatively  large  signals  from  the  7  x  7 
surface.  Also  common  to  the  three  polarization  configu¬ 
rations  is  the  local  maxima  in  the  signals  at  about  1  ML 
coverage.  This  was  not  accompanied  by  any  observable  fea¬ 
tures  in  the  LEED  pattern.  Since  a  maximum  is  also  present 
in  the  Pi  to  S2  signal  some  ordering  of  the  system  takes 
place  around  1  ML.  This  might  be  a  result  of  changes  in  the 
size  and  distribution  of  Au  islands  revealing  larger  areas  of 
free  Si  surface.  The  ordering  may  not  be  strong  enough  to 
show  up  in  a  qualitative  LEED  investigation.  However, 
further  experiments  are  necessary  before  a  more  precise 
interpretation  of  these  local  maxima  can  be  made. 

In  the  range  from  2  to  5  ML  no  order  is  detected  in  the 
system  with  SHG.  At  3  ML  it  was  still  possible  to  see  traces 
of  7  X  7  reconstruction  with  LEED  which  shows  that  the 
Au  forms  islands.  In  this  coverage  range  the  Sj  to  pj  signal, 
described  by  Xzxx  >  grows  up  to  a  maximum.  The  Xzxx  tensor 
element  describes  a  polarization  normal  to  the  surface  gen¬ 
erated  by  a  pump  field  along  the  surface.  A  microscopically 
flat  surface  with  full  translation  symmetry  is  not  expected  to 
give  any  appreciable  SHG  in  the  Sj  to  pj  case.  Corrugated 
surfaces,  like  the  7  x  7  surface  and  surfaces  with  islands,  on 
the  other  hand,  can  lead  to  a  nonvanishing  Xzxx  •  The  growth 
of  the  Sj  to  P2  signal  in  the  2  to  5  ML  range  is  therefore 
taken  as  a  sign  of  island  formation. 


Fig.  1.  SH  intensities  as  a  function  of  Au  coverage  measured  with  three 
diflferent  combinations  of  incident  and  detected  light  polarizations.  The 
insert  shows  an  expansion  of  the  coverage  range  up  to  3  ML. 


Photoemission  spectroscopy  [5]  has  shown  that  the  for¬ 
mation  of  a  silicon  skin  layer  saturates  at  a  coverage  of  4- 
5  ML.  At  higher  coverages  a  continuous  Au  layer  grows 
between  the  skin  layer  and  the  substrate.  In  the  present 
experiments,  no  LEED  pattern  was  detected  for  coverages 
above  5  ML  and  the  Si(LW)  peak  had  evolved  into  two 
clearly  separated  peaks.  This  shows  that  no  free  Si  surface  is 
left.  The  increasing  order  detected  by  SHG  is  therefore  a 
result  of  ordering  of  the  Au/Si  interface.  At  10  ML  the  inter¬ 
face  ordering  is  completed  and  no  further  change  in  the  Pi 
to  S2  signal  is  observed.  The  increase  in  order  coincides  with 
the  decreasing  Xzxx^  the  tensor  element  which  we  have 
attributed  to  the  existence  of  islands.  Thus,  the  ordering  of 
the  interface  takes  place  when  a  closed  Au  layer  is  formed 
and  the  areas  with  free  Si  surface  between  the  islands  disap¬ 
pear. 

SHG  can  be  used  to  detect  the  symmetry  of  the  interface 
by  rotating  the  sample  about  the  surface  normal.  At  normal 
incidence,  where  only  Xxxx  contribute  to  SHG,  the  symmetry 
can  also  be  detected  by  simultaneously  rotating  the  polar¬ 
ization  directions  of  the  pump  and  SH  light.  In  Fig.  2  the 
rotational  anisotropy  of  a  surface  covered  by  28  A  Au  is 
compared  to  that  of  the  clean  7x7  surface.  Clearly,  both 
systems  show  3-fold  symmetry  with  some  minor  2-fold  sym¬ 
metry  superimposed.  The  2-fold  symmetry  of  the  7x7 
surface  is  a  result  of  defects  in  the  surface  created  by  the 
direct  heating  process  [12].  This  defect  structure  is  not 
likely  to  be  carried  over  to  the  Au/vacuum  interface  during 
the  growth  process.  The  observation  of  the  2-fold  symmetry 
on  both  clean  and  Au  covered  surfaces  is  therefore  taken  as 
further  evidence  of  the  existence  of  an  ordered  Au/Si  interface. 

The  Pi  to  P2  polarization  configuration  involves  the  three 
tensor  elements  Xzxx.  Xxxz  and  Xzzz-  At  coverages  above 
10  ML  the  Si  to  P2  signal  shows  that  Xzxx  vanish.  The 
remaining  two  elements  are  those  which  usually  dominate 
SHG  from  metals  [13].  In  particular  Xzzz  can  be  large  for 
clean  metal  surfaces  [14].  It  is  seen  that  the  pi  to  P2  signal 


Fig.  2.  SH  intensity  as  a  function  of  the  polarization  direction  of  the  laser 
light  at  normal  incidence  for  a  clean  7x7  surface  and  for  a  surface  with 
28  A  Au.  The  angle  is  measured  relative  to  the  [211]  direction  and  the  SH 
light  is  polarized  perpendicular  to  the  incident  light. 
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increase  at  coverages  above  5  ML  as  the  creation  of  the  Si 
skin  layer  has  saturated  and  the  Au  layer  grows  below. 
Above  10  ML  the  signal  saturates  and  then  decrease  to  a 
minimum.  The  origin  of  the  variations  at  high  coverages  is 
not  understood  at  present  and  it  remains  to  be  seen  if  the 
signal  shows  oscillations  with  coverage  which  could  indicate 
quantum  well  effects.  Clearly,  from  the  point  of  view  of 
SHG,  the  formation  of  the  Au/Si  system  has  not  reached  a 
saturation  at  15  ML. 

Annealing  of  room  temperature  deposited  Au  layers  leads 
to  ordering  of  the  surface  into  structures  which  depend  on 
the  initial  thickness  of  the  Au  layer.  Figure  3  shows  the 
variations  of  the  SH  signals  with  annealing  temperature  for 
a  surface  initially  covered  by  24  A  Au.  The  measurements 
have  been  made  with  the  sample  at  room  temperature 
between  each  annealing  at  subsequently  higher  tem¬ 
peratures.  The  sample  was  held  at  each  temperature  until  no 
further  change  in  SHG  was  observed.  This  procedure  was 
chosen  instead  of  direct  monitoring  during  annealing 
because  the  signals  showed  a  temperature  dependence. 

Ordering  of  the  system  takes  place  even  at  low  tem¬ 
peratures.  Below  400  °C  no  order  was  detected  by  LEED 
and  the  ordering  detected  by  SHG  must  take  place  at  the 
Au/Si  interface.  Also  the  pi  to  P2  signal  increases  while  Xzxx 
remains  zero.  According  to  the  previous  discussion  of  tensor 
elements,  Xzxx  is  expected  to  originate  from  the  Au  surface. 
Thus,  no  changes  take  place  at  the  Au/vacuum  interface. 
This  is  consistent  with  recent  AES  experiments  [6]  showing 
that  the  Au  and  Si  peaks  are  constant  up  to  370  °C.  Above 
this  temperature  the  Si  peak  increase  as  Au  diffuse  into  the 


Fig.  3.  SH  intensities  as  a  function  of  annealing  temperature  for  three  dif¬ 
ferent  combinations  of  incident  and  detected  light  polarizations  shown 
together  with  the  dominating  LEED  patterns  obtained  in  different  tem¬ 
perature  intervals. 


bulk.  In  the  present  experiments  ordering  into  a  6  x  6  struc¬ 
ture  was  observed  after  annealing  at  400  °C.  This  coincides 
with  the  appearance  of  Xzxx  ^^d  a  decrease  in  the  pi  to  pj 
signal.  The  order  in  the  system  seen  with  SHG  improve  with 
annealing  temperature  and  at  700  °C  the  surface  transforms 
into  a  (.^3  x  .y3)R  30°  structure.  Finally,  above  1150°,  the 
Au  is  removed  from  the  surface  and  a  sharp  7x7  LEED 
pattern  appears.  The  ratios  between  the  signals  from  the 
7x7  and  y/3  x  .^3  surfaces  found  here  agree  with  results 
obtained  by  O’Mahony  et  al.  [8]  by  following  SHG  during 
deposition  of  up  to  1.2  ML  Au  on  a  substrate  kept  at 
800  °C. 


5.  Summary  and  conclusions 

By  using  appropriate  choices  of  input  and  output  polariza¬ 
tion  directions  the  order  of  the  Au/Si  system,  and  in  particu¬ 
lar  the  interface,  have  been  studied  by  SHG  as  a  function  of 
coverage  and  annealing  temperature.  A  strong  coverage 
dependence  with  two  orders  of  magnitude  signal  variation 
during  the  evaporation  of  the  first  monolayer  shows  the 
decay  of  the  7  x  7  structure.  In  the  coverage  range  from  5  to 
10  ML  the  growth  of  an  ordered  interface  is  detected.  This 
suggests  that  the  Au/Si  interface  is  abrupt  in  agreement  with 
recent  conclusions  drawn  from  experiments  with  electron 
spectroscopies  [5,  6].  Annealing  leads  to  improved  interface 
order,  even  for  low  temperatures  where  no  ordered  structure 
is  observed  by  LEED.  The  onset  of  surface  reconstruction 
and  the  formation  of  6  x  6  and  y/3  x  ^3  structures  are 
clearly  identified  in  the  SH  signals. 
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Abstract 

Two  different  fabrication  techniques  to  obtain  nanometer  scale  structures 
without  the  use  of  lithography  are  demonstrated.  Quantum  dots  are  made 
on  GaAs  by  growing  strained  InP  islands  by  metal-organic  vapour  phase 
epitaxy.  Quantum  confinement  of  carriers  is  achieved  by  the  growth  of 
quantum  wells  on  the  InP  islands.  Molecular  beam  epitaxy  is  used  for  the 
fabrication  of  a  gold  island  mask  on  GaAs.  Reactive  ion  etching  through 
the  gold  mask  produces  a  high  density  of  GaAs  columns  with  diameters 
down  to  20  nm. 


1.  Introduction 

Nanometer  scale  semiconductor  structures,  such  as 
quantum  wells,  quantum  wires  and  quantum  dots  are  cur¬ 
rently  being  investigated  because  of  their  novel  optical  and 
electronic  properties,  which  make  possible  new  types  of 
semiconductor  devices.  The  fabrication  of  nanostructures 
typically  involves  epitaxy  to  achieve  quantum  confinement 
in  the  vertical  direction.  If  confinement  in  more  than  one 
dimension  is  required,  the  lateral  details  have  to  be  defined 
with  high  resolution  lithography,  followed  by  etching  or  epi¬ 
taxial  regrowth.  However,  if  very  high  densities  of  nanos¬ 
tructures  are  required  on  large  surfaces,  the  use  of 
lithography  becomes  very  time  consuming  and  difficult. 
Also,  it  is  not  easy  to  achieve  high  quality  interfaces  on 
etched  substrates  using  epitaxial  regrowth  techniques. 
Therefore,  it  may  be  advantageous  to  develop  fabrication 
methods  which  do  not  require  lithography  at  all.  In  this 
paper  we  report  two  such  techniques:  reactive  ion  etching 
(RIE)  of  nanoscale  columns  through  a  random  array  of  gold 
islands  and  the  maskless,  self-organising  growth  of  quantum 
dots  by  strained  epitaxy  using  metal-organic  vapour  phase 
epitaxy  (MOVPE). 

One  way  of  fabricating  quantum  wires  is  to  use  dry 
etching  through  a  suitable  mask  to  produce  columns.  If  the 
etching  is  done  on  a  substrate  containing  a  quantum  well 
hetorostructure,  quantum  boxes  are  obtained  inside  the 
column.  The  mask  can  be  formed  without  lithography  by 
introducing  small  particles  of  suitable  size  on  the  surface  of 
the  wafer.  The  use  of  both  colloid  particles  [1]  and  aerosol 
particles  [2]  has  been  demonstrated  for  this  purpose.  The 
possible  problems  with  these  techniques  include  the  low 
resistance  against  etching  and  a  low  total  density  of  etched 


columns.  We  have  developed  a  method  of  forming  small 
gold  islands  on  the  GaAs  surface.  The  areal  density  of  the 
sub  —  100 nm  islands  can  exceed  10^°cm“^  and  they  show 
good  resistance  against  RIE  and  are  therefore  suitable  for 
the  fabrication  of  structures  with  very  high  aspect  ratios. 

The  utilisation  of  lattice  mismatch  induced  3-dimensional 
growth  is  a  novel  technique  of  produced  structures  contain¬ 
ing  nanoscale  islands,  providing  the  means  to  fabricate 
quantum  box  structures  with  relative  ease.  Examples  of  this 
technique  include  the  formation  of  InAs  or  InGaAs  dots  on 
GaAs  by  molecular  beam  epitaxy  (MBE)  [3][4],  the  growth 
of  InAs  nanoclusters  on  InP  by  MOVPE  [5]  and  the 
growth  of  InP  islands  on  GaAs  by  hydride  vapour  phase 
epitaxy  (VPE)  [6].  We  have  grown  nanoscale  InP  islands  on 
GaAs  by  atmospheric  pressure  MOVPE.  Furthermore, 
selective  growth  of  InGaAs  on  these  InP  islands  was 
achieved  [7]. 

2.  Reactive  ion  etching  of  nanoscale  columns  using  a  gold 

mask 

The  samples  for  the  gold  mask  experiments  were  grown  in  a 
VG  V80H/V80M  MBE  system  having  a  deposition 
chamber  for  III-V  semiconductor  compounds  connected  to 
a  metallisation  chamber.  Therefore,  the  structures  could  be 
moved  after  the  epitaxial  growth  from  the  growth  chamber 
into  the  metallisation  chamber  without  breaking  vacuum. 
Undoped  or  n-type  GaAs  buffers  or  AlGaAs/GaAs  multi¬ 
quantum  well  (MQW)  structures,  terminated  with  a  thin 
GaAs  cap  layer,  were  grown  on  either  semi-insulating  or 
Si-doped  (100)  GaAs  wafers. 

The  samples  were  transferred  immediately  after  the 
growth  into  the  metallisation  chamber.  A  1.3  nm  thick  or 
3.0  nm  thick  Au  layer  was  e-beam  evaporated  on  the  fresh 
GaAs  surface  at  room  temperature  at  a  rate  of  0.01  nm/s. 
The  thickness  of  the  Au  film  was  measured  with  an  oscil¬ 
lating  quartz  crystal,  calibrated  by  Rutherford  backscatter- 
ing  (RBS)  measurement  from  a  thicker  Au  layer.  Because 
gold  grows  epitaxially  on  (100)  GaAs,  the  quality  of  the 
surface  before  and  after  the  Au  deposition  could  be  checked 
with  reflection  high  energy  electron  diffraction  (RHEED). 
The  pattern  was  streaky  after  the  deposition  of  Au,  showing 
that  the  resulting  surface  is  flat.  After  the  gold  deposition 
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Fig.  1.  AFM  image  of  gold  islands  fomed  from  a  1.3  nm  thick  gold  film  on 
(100)  GaAs  after  a  heat  treatment  at  550  °C. 


the  samples  were  heated  up  to  550  °C  in  15  minutes  in  an 
arsenic  free  ambient.  The  RHEED  pattern  was  observed  to 
change  from  streaky  to  spotty  after  heating  the  samples 
above  about  250  °C,  suggesting  a  change  from  a  flat  to  a 
3-dimensional  surface.  At  550  °C  the  pattern  was  dim  and 
only  some  diffuse  spots  could  be  distinguished. 

The  surface  of  the  Au  film  was  analyzed  using  an  atomic 
force  microscope  (AFM).  Prior  to  the  heat  treatment  the 
surface  was  smooth  and  featureless.  After  the  heat  treat¬ 
ment,  however,  a  high  density  of  smalt  islands  is  formed  on 
the  surface  (Fig.  1).  The  areal  density  of  the  islands  is 
3*10^°cm"^.  The  lateral  size  distribution  is  quite  broad, 
ranging  from  20  nm  to  100  nm.  Correspondingly,  the  height 
of  the  islands  varies  from  3  nm  to  13  nm. 

Reactive  ion  etching  was  performed  in  an  Electrotech  320 
PC  etcher  using  a  mixture  of  Ar,  He  and  SiCl4  at  a  total 
pressure  of  10  mTorr.  The  power  was  40  W  and  the  etching 
time  was  varied  from  2  to  13  minutes,  giving  an  average 
etching  rate  of  1.5nm/s  for  GaAs  and  AlGaAs/GaAs  struc¬ 
tures.  The  height  of  the  etched  columns  was  estimated  with 


Fig.  2.  A  SEM  micrograph  of  1.2  pm  high  and  60  nm  wide  AlGaAs/GaAs 
columns  fabricated  by  reactive  ion  etching  through  a  gold  island  mask.  The 
Au  mask  was  formed  by  in-situ  heating  a  3  nm  thick  Au  film  at  550  °C. 


a  scanning  electron  microscope  (SEM).  Shown  in  Fig.  2  is  a 
SEM  micrograph  of  columns  of  an  AlGaAs/GaAs  MQW 
structure  etched  through  a  mask  formed  from  a  3  nm  thick 
Au  film.  The  height  of  the  columns  is  1.2  pm  and  the  aspect 
ratio  20.  The  shape  of  the  columns  shows  a  slight  under¬ 
cutting  in  the  etching  profile.  The  areal  density  of  the 
columns  is  3'10®cm“^,  which  is  lower  than  the  original 
density  of  the  Au  islands.  This  is  due  to  the  undercutted 
etching  profile  which  causes  etching  through  the  stem  of  the 
smallest  columns,  homogenising  the  diameter  of  the  remain¬ 
ing  columns.  The  aspect  ratios  obtained  with  this  process 
are  as  high  as  50  and  by  optimising  the  etching  parameters 
a  further  increase  in  the  aspect  ratio  can  be  expected. 

3.  Self-organising  growth  of  InP  islands  on  GaAs  by 
MOVPE 

Quantum  box  samples  were  grown  by  atmospheric  pressure 
MOVPE  from  trimethylgallium  (TMGa),  trimethylindium 
(TMIn),  tertiarybutylarsine  (TBAs)  and  tertiarybutylphosp- 
hine  (TBP).  The  structures  were  grown  on  semi-insulating 
(100)  GaAs  wafers  misoriented  by  0°,  2°  or  4°.  Prior  to  the 
growth  the  substrates  were  heated  up  to  700  °C  to  remove 
native  oxides.  First,  a  200  nm  thick  GaAs  buffer  layer  was 
grown  at  650  °C.  The  InP  islands  were  deposited  at  650  °C 
using  TMIn  flows  of  1. 3-3.9  pmol/min  and  a  V/III  ratio  of 
20-50.  The  deposition  time  was  4-15  s.  The  strain  caused  by 
the  3.8%  lattice  mismatch  between  InP  and  GaAs  induces 
the  growth  to  occur  in  a  3-dimensional  mode  resulting  in 
the  formation  of  small  InP  islands  on  the  surface  [6]. 

An  AFM  image  of  InP  islands  on  a  2°  off-oriented  (100) 
GaAs  substrate  is  shown  in  Fig.  3.  The  average  width  of  the 
islands  is  less  than  1(X)  nm  and  the  average  height  about  20 
nm.  The  areal  density  of  the  islands  is  3  x  10®cm“^.  The 
density  of  the  islands  was  slightly  dependent  on  the  sub¬ 
strate  misorientation,  being  2  x  10®cm“^  for  a  substrate 
misoriented  by  0°  and  3.5  x  10®cm“^  for  an  off-angle  of  4°. 
This  dependence  of  the  island  density  on  the  misorientation 
is  much  weaker  in  MOVPE  than  in  hydride  VPE  [8]. 

Nanoscale  InP  islands  provide  a  suitable  substrate  for  the 
selective  growth  of  InGaAs  [7].  Therefore,  quantum  well 


Fig.  3.  An  AFM  image  of  InP  islands  grown  by  MOVPE  on  a  2°  off- 
oriented  (100)  GaAS  substrate. 
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structures  can  be  used  for  improving  the  carrier  confinement 
in  the  quantum  box.  This  was  verified  by  high  intensity  PL 
emission  both  at  13  K  and  at  room  temperature. 

4.  Discussion  and  conclusions 

The  fact  that  gold  forms  islands  on  GaAs  at  a  relatively  low 
temperature  indicates  that  an  eutectic  alloy  of  Au  and  Ga 
is  formed  due  to  a  reaction  between  the  gold  film  and  the 
substrate.  The  size  of  the  islands  depends  on  the  thickness  of 
the  original  epitaxial  gold  film.  Our  results  show  that  these 
islands  are  an  excellent  mask  for  the  reactive  ion  etching  of 
nanoscale  columns  because  the  selectivity  between  the  Au 
mask  and  GaAs/AlGaAs  is  high.  The  diameter  of  the 
columns  is  therefore  only  dependent  on  the  feature  size  of 
the  mask.  The  stability  of  the  columns  is  dependent  on  the 
anisotropy,  i.e.  ion  energy,  which  can  be  relatively  high.  An 
aspect  ratio  of  more  than  20  is  easily  achieved  for  a  column 
less  than  100  nm  wide.  Moreover,  the  density  of  the  columns 
is  up  to  10^°  1/cm^  which  is  the  highest  value  reported  any¬ 
where  and  comparable  to  the  density  of  electrons  in  a  two 
dimensional  electron  gas.  The  diameter  of  the  etched 
columns  tends  to  vary  due  to  the  random  size  of  the  Au 
islands.  If  a  slight  undercutting  is  accepted  in  the  etching 
process,  the  size  distribution  of  the  columns  can  be  made 
more  uniform. 

The  self-organising  growth  of  coherent  nanoscale  islands 
on  planar  substrates  is  very  attractive  as  a  fabrication 


method  for  quantum  dot  structures.  This  is  because  no 
lithographic  or  etching  steps  are  necessary.  Another  advan¬ 
tage  is  that  the  structure  is  grown  in  a  single  run  without 
exposing  the  samples  to  air,  ensuring  high  quality  interfaces. 
Also,  more  degrees  of  freedom  for  the  design  of  quantum 
dot  structures  can  be  obtained  due  to  the  possibility  of 
growing  a  quantum  well  selectively  on  the  InP  islands.  The 
problems  in  the  method  lie  in  the  random  distribution  of  the 
islands  on  the  surface  and  in  the  inhomogeneous  size  dis¬ 
tribution.  By  optimising  the  growth  parameters  the  size  dis¬ 
tribution  can  be  made  narrower,  and  by  introducing  a  thin 
quantum  well  on  top  of  the  islands  the  effect  of  the  scatter  in 
the  island  size  can  be  minimised. 
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Abstract 

CuInSej  (CIS)  and  Cuino  75GaQ  jjSej  (CIGS)  thin  films  were  deposited  by 
an  in  situ  process  on  fused  silica  and  silicon  (100)  and  (111)  substrates  by 
pulsed  laser  ablation  using  an  XeCl  excimer  laser  and  polycrystalline 
targets.  The  effect  of  deposition  temperature  and  substrate  material  on  the 
structure  and  orientation  of  the  films  was  investigated.  The  structure  of  the 
films  was  studied  by  X-ray  diffraction,  and  their  chemical  composition  was 
investigated  by  energy  dispersive  X-ray  analysis  on  a  scanning  electron 
microscope.  The  composition  of  the  target  material  was  largely  maintained 
in  the  films  deposited  below  450 "C.  On  fused  silica  and  Si  (111)  substrates, 
the  films  were  highly  oriented  with  the  (112)  planes  of  the  chalcopyrite 
structure  along  the  substrate  surface.  The  films  deposited  on  to  Si  (100) 
developed,  under  some  conditions,  {100}  orientation  and  epitaxy. 

1.  Introduction 

CuInScj  (CIS)  and  CuIni_,,Ga;tSe2  (CIGS)  are  well  estab¬ 
lished  as  exceptionally  efficient  semiconductors  with  poten¬ 
tial  applications  in  the  fields  of  solar  cells,  infa-red  radiation 
monitors  and  fibre  optic  infra-red  detectors  [1],  The  latest 
versions  of  the  CuInSe2/Cd(Zn)S  heterojunction  and  the 
CuInSe2-based/amorphous  silicon  tandem  solar  cell  are 
some  of  the  most  efficient  thin  film  photovoltaic  devices  to 
have  been  produced  to  date.  Recently  reported  thin  film  CIS 
cells  have  achieved  efficiencies  in  excess  of  14.8%  and 
module  efficiencies  are  now  reported  to  be  11.7%  [2,  3]. 
Data  obtained  from  these  materials  indicates  a  significantly 
higher  degree  of  radiation  resistance  and  absorption  than  is 
found  in  comparable  devices  based  on  either  Si  or  GaAs  [4, 
5,  6]. 

Partial  substitution  of  indium  by  gallium  provides  a  con¬ 
venient  means  of  adjusting  the  band  gap  of  the  material.  As 
X  in  CuIn^Gai_,,Se2  is  reduced  from  1  to  0  the  band  gap 
increases  approximately  linearly  [7]  from  1.0  eV  to  1.68  eV. 
Applications  for  IR  detectors  would  benefit  from  the  small 
bandgap  of  CIS  with  no  gallium.  This  can  provide  a  detec¬ 
tor  with  a  response  into  the  1.3  pm  near-IR  region  of  the 
spectrum,  which  is  of  critical  importance  for  fibre  optic 
communications.  Solar  cell  applications  require  a  higher 
bandgap  in  order  to  increase  the  output  voltage  and  to  give 
an  optimum  match  with  the  solar  spectrum.  The  composi¬ 
tion  CuIno.75Gao.25Se2 ,  having  a  band  gap  of  about 
1.17  eV,  presents  a  useful  compromise  between  the  optimum 
band  gap  of  1.5  eV  and  ease  of  film  preparation. 

Thin  films  of  CIS  have  been  successfully  prepared  by  co¬ 
deposition  of  the  constituent  elements,  either  by  physical 


deposition  (PVD)  [2]  or  by  chemical  vapour  deposition 
(CVD)  [8]  routes.  However,  complete  control  of  the  process 
which  is  necessary  in  order  to  achieve  reproducible,  stoi¬ 
chiometric  films  is  proving  difficult  to  achieve.  A  simpler 
approach  widely  adopted  by  industry  involves  the  deposi¬ 
tion  of  Cu  and  In  films,  typically  by  electroplating,  followed 
by  selenization,  and  has  given  good  results.  However,  the 
latter  stage  can  introduce  considerable  disturbance  to  the 
structure  and  composition  of  the  films  and  is  also  an  inher¬ 
ently  toxic  process  with  associated  environmental  implica¬ 
tions.  For  the  preparation  of  CIGS  both  elemental 
co-deposition  and  binary  deposition  with  subsequent  seleni¬ 
zation  have  an  extra  complication  in  that  the  introduction 
of  partial  gallium  substitution  of  the  indium  content  poses 
considerable  problems  of  control. 

These  considerations  suggest  an  alternative  route  for  film 
deposition  whereby  a  source  or  target  of  the  required  com¬ 
position  acts  as  a  single  precursor  for  the  film.  Dissociation 
of  the  components  of  such  a  source  has  precluded  its  use  in 
simple  PVD  evaporation  equipment  and  has  forced  com¬ 
mercial  production  to  adopt  the  binary  route. 

A  suitable  PVD  solution  is  flash  evaporation  but  prep¬ 
aration  of  consistent  fine  grain  powder  source  material  pre¬ 
sents  some  problems.  Without  this  control,  the  production 
of  uniform,  pin-hole  free  thin  films  with  suitable  character¬ 
istics  has  proved  to  be  very  difficult,  although  some  success 
with  this  technique  has  recently  been  reported  [9]. 

With  the  above  mentioned  deposition  processes,  there 
have  been  problems  in  the  control  of  homogeneity,  com¬ 
position  and  carrier  concentration  in  the  films  [1].  In  this 
study,  CIS  and  CIGS  films  were  prepared  by  pulsed  laser 
ablation  deposition,  (PLD)  which  has  proved  to  be  a  suit¬ 
able  method  for  the  deposition  of  multicomponent  films, 
especially  in  the  reproduction  of  the  target  composition. 
PLD  has  also  been  used  for  the  deposition  of  other  types  of 
compound  semiconductor  materials  utilised  in  solar  cell 
technology  [10,  11].  Some  of  our  preliminary  studies  on 
CIS  related  films  have  been  published  elsewhere  [12]. 

2.  Film  deposition 

The  films  were  deposited  by  an  in  situ  process  at  tem¬ 
peratures  between  50  and  550  °C  using  an  XeCl  excimer 
laser  (A  =  308  nm,  30-50  mJ/pulse  on  the  target).  A  focused 
laser  beam  was  scanned  over  a  polycrystalline  target  held  at 
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Fig.  I.  X-ray  diffraction  patterns  (CuKa)  of  CIS  films  deposited  at  different 
temperatures  on  fused  silica. 
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Fig.  3.  X-ray  diffraction  patterns  (CuKa)  of  CIGS  films  deposited  at  differ¬ 
ent  temperatures  on  fused  silica. 


an  angle  of  45  degrees  to  the  laser  beam.  The  films  were 
deposited  on  silicon  (oxide  removed  by  a  HF  treatment)  and 
fused  silica  substrates  attached  onto  a  ceramic  heater  plate 
by  silver  paste.  The  target-to-substrate  distance  was  3  cm. 
The  ablation  process  was  carried  out  in  a  vacuum  chamber 
with  a  base  pressure  of  about  10~®mbar.  The  laser  beam 
was  focused  by  a  lens  outside  the  chamber,  and  the  fluence 
level  was  regulated  by  defocusing  the  beam.  CIS  films  were 


Fig.  2.  X-ray  diffraction  patterns  (CuKa)  of  CIS  films  deposited  at  different 
temperatures  on  Si  (100).  (Cu-Si)  indicates  a  phase  containing  only  copper 
and  silicon. 


deposited  in  a  small  chamber  using  a  /=  100mm  lens 
(30mJ/pulse,  4-5J/cm^,  repetition  rate  25  Hz).  CIGS 
(CuIno.75Gao.25Se2)  films  were  deposited  in  a  modified 
larger  chamber  which  required  the  use  of  a  /  =  300  mm  lens 
and  system  limitations  dictated  deposition  conditions 
(50mJ/pulse,  2J/cm^,  repetition  rate  10  Hz)  which  differed 
from  those  used  for  CIS,  so  the  conditions  were  not  directly 
comparable.  After  the  depositions,  the  temperature  was 
reduced  to  room  temperature  without  any  additional  heat 
treatments.  Typical  deposition  rates  were  about  2  A/s  for 
CIS  and  10  A/s  for  CIGS  and  the  thickness  of  the  films  were 
200  . . .  450  nm. 

3.  X-ray  diffraction  studies 

X-ray  diffraction  patterns  {6-29)  were  measured  using  CuKa 
radiation.  For  CIS  films,  Figs  1  and  2,  only  peaks  of  the 
chalcopyrite  structure  of  CIS  can  be  seen.  The  patterns 
show  that  the  CIS  films  deposited  even  at  the  lowest  tem¬ 
peratures  were  crystalline,  but  the  X-ray  diffraction  peaks 
were  broad,  indicating  low  crystal  perfection  and  small  crys¬ 
tallite  size.  The  broadness  and  low  intensity  of  most  of  the 
peaks  did  not  allow  the  chalcopyrite  and  sphalerite  struc¬ 
tures  to  be  resolved.  The  films  deposited  below  300  °C  were 
oriented  with  (112)  planes  of  the  chalcopyrite  structure  (or 
(111)  planes  of  the  sphalerite  structure)  along  the  substrate 
surface,  independent  of  the  substrate  material  and  orienta¬ 
tion.  Above  300  °C,  the  diffraction  peaks  became  narrower 
and  their  intensity  increased  indicating  higher  perfection, 
definite  chalcopyrite  structure  and  a  high  degree  of  preferred 
orientation.  In  the  films  on  fused  silica,  the  (112)  orientation 
still  remained  at  the  highest  substrate  temperatures. 

Above  about  300  °C,  the  films  on  Si  (100)  started  to 
develop  {100}  type  epitaxial  orientation  which  became 
stronger  with  increasing  temperature.  At  high  deposition 
temperatures  the  peaks  of  the  chalcopyrite  structure  disap- 
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Fig.  4.  X-ray  diffraction  patterns  (CuKa)  of  CIGS  films  deposited  at  differ¬ 
ent  temperatures  on  Si  (100).  (Cu-Si)  indicates  a  phase  containing  only 
copper  and  silicon. 
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Fig.  6.  Chemical  compositions  of  CIS  films  deposited  at  different  tem¬ 
peratures  (a)  on  fused  silica,  (b)  on  Si  (100),  measured  by  EDAX.  The  con¬ 
centration  of  each  element  is  presented  as  a  ratio  of  the  concentration  in 
the  film/in  the  target  material.  Cu:  full  squares,  full  line.  In:  open  squares, 
dashed  line,  Se:  open  circles,  dotted  line. 


peared,  leaving  a  discontinuous  film  containing  only  Cu  and 
Si.  This  occurred  in  the  temperature  range  450  ...  600 °C, 
depending  on  the  deposition  conditions.  Preliminary  studies 
showed,  that  in  the  films  deposited  on  Si  (111),  the  preferred 
orientation  resembled  that  on  fused  silica. 

The  in-plane  epitaxy  of  the  {100}  oriented  CIS  on  Si  (100) 
was  confirmed  by  a  (p-scan  through  (112)  poles.  Fig.  5, 
which  shows  that  the  <100>  directions  of  CIS  are  oriented 
along  the  <100>  directions  of  the  silicon  substrate. 

The  X-ray  diffraction  patterns  of  CIGS  films  deposited  at 
different  temperatures  on  fused  silica  (Fig.  3)  followed  the 
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Fig.  5.  X-ray  diffraction  0-scan  through  (112)  poles  of  a  CIS  film  deposited 
on  Si  (100)  substrate  (upper  curve)  and  0-scan  through  (111)  poles  of  the  Si 
(100)  substrate  (lower  curve). 


same  general  scheme  as  the  CIS  films.  The  diffraction  peaks 
appear  at  slightly  higher  angles  due  to  the  smaller  unit  cell 
of  CIGS.  In  the  films  deposited  on  Si  (100)  (Fig.  4),  no  devel¬ 
opment  of  {100}  type  preferred  orientation  was  observed  at 
intermediate  temperatures  (about  400  °C  for  CIS).  The  dis¬ 
appearance  of  the  (112)  oriented  chalcopyrite  structure  and 
the  formation  of  the  phase  containing  only  Cu  and  Si 
occured  at  lower  temperatures  than  in  CIS  films.  From 
these  results,  it  is  not  possible  to  conclude  whether  these 
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Fig.  7.  Chemical  compositions  of  CIGS  film  deposited  at  different  tem¬ 
peratures  (a)  on  fused  silica,  (b)  on  Si  (100),  as  in  Fig.  6.  Cu:  full  squares,  full 
line,  (In  -I-  Ga):  open  squares,  dashed  line,  Se:  open  circles,  dotted  line. 
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differences  were  due  to  chemical  composition  or  different 
deposition  conditions. 

The  degree  of  the  (1 12)  orientation  in  CIGS  films  depos¬ 
ited  on  fused  silica  at  temperatures  between  350  and  400  °C 
was  very  strong.  For  example,  in  the  film  deposited  at 
350  °C,  the  ratio  between  the  (112)  peak  and  (220,  204) 
intensities  was  over  1000,  which  was  higher  than  in  the  best 
CIS  films  (about  600).  These  values  exceeded  the  value  70 
reported  for  coevaporated  CIS  films  [13]  used  in  the  prep¬ 
aration  of  high-efficient  solar  cells  [2,  13],  and  also  those 
reported  for  sputtered  CIS  and  CIGS  films  [14]. 

4.  Chemical  composition  of  the  films 

The  chemical  composition  of  the  films  was  determined  by 
energy  dispersive  X-ray  spectroscopic  analysis  (EDAX)  on  a 
scanning  electron  microscope.  The  composition  and  film 
thickness  were  calculated  by  the  STRATA  thin  film 
program  which  utilises  measurements  performed  at  several 
accelerating  voltages.  The  elemental  concentrations,  relative 
to  those  of  the  target  materials,  are  presented  in  Figs  6  and 
7  for  CIS  and  CIGS  films,  respectively.  The  composition  of 
the  target  material  was  largely  maintained  in  the  films 
deposited  on  fused  silica.  Especially,  no  significant  toss  of 
selenium  was  observed.  The  Cu/In  and  Cu/(In  -I-  Ga)  ratios 
increased  slightly  at  high  temperatures.  The  reason  for  the 
large  Cu/Se  ratio  in  the  CIS  films  near  300  °C  is  not  clear. 
On  Si  (100)  substrates,  loss  of  In  and  Se  (and  Ga)  occurred 
above  430  °C  in  CIS  films  and  at  slightly  lower  temperatures 
in  CIGS  films,  which  causes  the  disappearance  of  the  chal- 
copyrite  structure,  as  observed  by  X-ray  diffraction. 

5.  Conclusions 

Films  with  a  good  crystal  quality,  high  degree  of  preferred 
orientation  and  good  reproduction  of  the  target  composi¬ 
tion  were  deposited  by  pulsed  laser  ablation.  At  tem¬ 


peratures  below  300  °C,  (112)  oriented  films  with  a  defected 
chalcopyrite  or  sphalerite  structure  were  obtained;  no  effect 
of  the  substrate  on  the  structure  of  the  films  was  found.  At 
higher  temperatures  the  crystal  quality  improved  and  the 
degree  of  preferred  orientation  increased,  and  the  substrate 
material  and  orientation  had  an  effect  on  the  structure  of 
the  films.  The  constutuents  of  CIS  and  CIGS  reacted  with 
oxide-free  Si  in  the  deposition  process  above  400  °C,  so  that 
In,  Ga  and  Se  were  lost.  When  considering  the  reproduction 
of  the  target  composition  and  high  degree  of  preferred 
orientation,  deposition  temperatures  in  the  range  of  350  . . . 
400  °C  seem  to  be  most  favorable  in  the  process  investi¬ 
gated. 
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Abstract 

An  unusual  dual  conductance  response  was  found  in  the  case  of  exposure 
of  n-type  semiconductors  CdS  and  a-SnW04.  in  the  form  of  thin  films  to 
carbon  monoxide.  Usually,  CO  behaves  as  a  reducing  gas  increasing  the 
conductance  of  n-type  semiconductors.  However,  at  temperatures  below  a 
border  temperature  T*,  CO  did  behave  as  an  oxidizing  gas  decreasing  the 
conductance  of  CdS  and  a-SnWO,j  thin  films.  T*  for  this  dual  conductance 
response  to  CO  was  found  to  be  below  50  °C  for  CdS  films.  The  enrichment 
of  the  surface  with  cadmium  species  had  a  decreasing  effect  on  T*  which 
was  also  decreasing  with  decreasing  partial  pressure  of  CO.  For  a-SnWO^, 
films,  T*  was  near  250  °C  depending  on  the  partial  pressure  of  CO.  It  was 
found  that  the  dual  response  behaviour  depends  on  temperature,  CO  con¬ 
centration  in  air  and  tin  content  in  the  film. 

1.  Introduction 

The  chalcogenides  CdS  and  a-SnW04  are  n-type  semicon¬ 
ductors  with  band  gaps  typical  for  insulators.  The  semicon¬ 
ducting  behaviour  arises  in  both  structures  from  native 
point  defects;  donors  being  related  to  oxygen  vacancies  in 
a-SnWO^  and  to  cadmium  interstitials  or  to  sulphur 
vacancies  in  CdS,  which  is  a  typical  II- VI  compound  semi¬ 
conductor.  Both  Sn02  and  WO3  are  well-known  materials 
for  semiconductor  gas  sensors  and  have  also  found  applica¬ 
tions  in  commercial  sensor  constructions.  A  synthesis  of 
these  materials  in  the  form  of  a  new  crystal  structure  of 
SnW04.  was  first  reported  in  1972  [1].  The  low  temperature 
(a)  form  of  stannous  tungstate  is  stable  below  670  °C.  In  its 
orthorhombic  crystal  structure,  both  metal  atoms  have  dis¬ 
torted  octahedral  oxygen  coordination  like  in  SnOj  and 
WO3.  However,  differing  from  the  case  in  SnOj,  tin 
appears  in  a  divalent  form  Sn^"^  in  the  a-SnW04  structure. 
On  the  other  hand,  the  wurtzite  structure  of  CdS  is  based 
on  tetrahedral  coordination  for  both  atom  types.  The  direct 
band  gap  of  CdS  is  in  the  visible  region  (2.5  eV)  making  the 
material  useful  for  many  optical  applications.  The  optical 
band  gap  of  a-SnW04  was  found  to  be  in  u.v.  region.  Illu¬ 
mination  only  with  an  u.v.  light  did  increase  the  conductivi¬ 
ty  of  films,  but  the  peak  absorption  in  the  blue  (origin  of  the 
dark-red  colour)  had  no  effect  on  conductivity. 

A  survey  of  the  gas  response  behaviour  of  a  relatively 
large  group  of  semiconducting  oxides  is  given  by  Moseley  et 
al.  [2].  The  survey  goes  further,  in  that  it  shows  that 
materials  and  gas  responses  can  be  classified  to  reveal  gener¬ 
alisations  comprehensible  in  terms  of  proposed  models  for 
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gas  response.  They  also  describe  [2,  3]  an  unusual  dual  con¬ 
ductance  behaviour  for  some  semiconducting  oxides  (they 
call  it  transition  between  n-type  and  p-type  behaviour). 
However,  stannous  tungstate  is  missing  from  the  survey  and 
we  have  not  found  any  data  of  gas  response  properties  of 
a-SnW04  in  the  literature.  Here  we  describe  the  dual  con¬ 
ductance  response  of  CdS  and  a-SnW04  thin  films  to 
carbon  monoxide  which  usually  behaves  as  a  reducing  gas, 
increasing  the  conductance  of  n-type  semiconductors.  For 
comparison,  measurements  were  also  made  with  a  pure 
WO3  film  and  with  some  Sn^WO,,  films  having  lower  tin 
concentrations  (x  <  1). 

2.  Experimental 

An  electro-hydro-dynamical  technique  was  used  for  the 
deposition  of  CdS  thin  films  from  CdClj  and  (NH2)2CS 
solutions  on  a  heated  (480  °C)  glass  substrate  [4].  A  varia¬ 
tion  of  the  stoichiometric  composition  of  CdS  films  was 
obtained’by  mixing  the  initial  solutions  in  different  propor¬ 
tions  of  Cd/S  ions.  XPS  (X-ray  Photoelectron  Spectroscopy) 
was  used  for  the  determination  of  the  atomic  Cd/S  ratios  at 
the  film  surfaces.  Three  different  film  types  with  the  Cd/S 
surface  ratios  of  3.2  (1-type),  2.4  (Il-type)  and  1.6  (Ill-type) 
were  used  in  the  study.  The  average  grain  size  of  the  films 
was  found  to  be  around  lOOnm  from  AFM  (Atomic  Force 
Microscope)  images.  Evaporated  indium  was  used  for 
making  ohmic  contacts  with  the  films. 

Stannous  tungstate  films  were  grown  by  means  of  reactive 
co-sputtering  with  a  Balzers  BAS  450  magnetron  sputtering 
system,  where  a  tin  target  was  in  d.c.  mode  and  tungsten 
target  in  r.f.  mode,  respectively.  Both  thermally  oxidized 
Si(lll)  and  glass  were  used  as  substrates  for  the  films.  The 
deposition  sputtering  was  made  in  an  argon  atmosphere 
containing  11%  of  oxygen.  Different  sputtering  powers  (75- 
150W)  were  selected  to  the  tin  target  and  150  W  to  the 
tungsten  target  in  order  to  obtain  films  with  different  Sn/W 
ratios.  The  samples  used  in  the  study  are  identified  in  Table 
I  with  the  sputtering  parameters  used  in  deposition  and 
with  the  Sn/W  ratio  (x  in  Sn^WO^,)  and  the  thickness  d  of 
the  films.  Three  different  temperatures  (room  temperature, 
100°C  and  200  °C)  were  chosen  for  the  substrate  during 
deposition.  The  thickness  and  composition  of  the  films  were 
obtained  from  RBS  (Rutherford  Backscattering 
Spectroscopy)  and  EDS  (Energy  Dispersive  Spectroscopy  of 
X-rays)  results,  respectively.  The  films  were  annealed  at 
400  °C  or  at  600  °C  for  four  hours  in  air. 

XRD  (X-ray  Diffraction),  CEMS  (Conversion  Electron 
Mossbauer  Spectroscopy)  and  Raman  Spectroscopy 
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Table  I.  Identification  of  different  Sn^WOy  thin  films 
(x  =  Sn/W  ratio)  with  sputtering  parameters  {powers  to  W 
and  Sn  targets  and  substrate  temperatures)  used  in  deposition 
and  with  the  Sn/W  ratio  and  thickness  d  of  the  films 


Sample 

W/r.f.  (W) 

Sn/d.c.  (W) 

Tf^C) 

Sn/W  ratio 

d  (nm) 

SnWl 

150 

150 

29 

1.12 

135 

SnW2 

150 

150 

200 

0.65 

170 

SnW3 

150 

130 

29 

0.48 

170 

SnW4 

150 

100 

100 

0.37 

150 

SnWS 

150 

75 

29 

0.27 

130 

SnW6* 

150 

100 

29 

0.03 

110 

W1 

150 

— 

29 

0.00 

135 

*  Deposition  with  mask. 


together  with  SEM  and  AFM  imaging  were  used  for  charac¬ 
terization  of  stannous  tungstate  films.  The  average  grain  size 
was  found  to  be  around  200  nm  from  AFM  images.  It  was 
found  that  as-grown  films  after  deposition  were  amorphous, 
but  an  annealing  at  400  °C  did  crystallize  the  films.  The 
films,  deposited  on  substrates  at  room  temperature  with  a 
sputtering  power  of  150  W  to  both  targets  (SnWl  in  Table  I) 
were  found  to  contain  polycrystalline  a-SnW04  in  an 
orthorhombic  structure  as  the  major  phase  and  a  small 
amount  of  Sn02.  The  sample  SnW6  with  a  very  small 
amount  of  Sn  was  very  similar  to  pure  WO3 . 

A  decomposition  of  a-SnW04  into  SnOj  and  WO3 
phases  after  annealing  at  600  °C  in  air  was  found  from  both 
XRD  and  CEMS  results.  XRD  and  CEMS  together  made 
possible  a  very  satisfactory  identification  of  phases  in  the 
films.  In  addition,  Raman  spectra  were  also  measured  from 
the  films  up  to  1900cm“^  and  results  were  compared  with 
the  measured  Raman  spectra  from  SnOj  and  WO3  films. 
Raman  spectra  from  CdS  films  were  typical  of  the  wurtzite 
structure. 

Two-point  method  was  used  in  electrical  conductivity 
measurement  and  wire  contacts  to  stannous  tungstate  films 
were  made  with  a  low-temperature  gold  paste.  A  computer- 
controlled  measuring  system  employing  the  flow-through 
principle  was  used  for  varying  gas  concentrations,  heater 
voltages  of  the  films  and  for  data  acquisition,  handling  and 
storage  [5].  A  d.c.  voltage  of  1 V  was  used  in  the  conduc¬ 
tance  measurements  of  the  films. 

3.  Results 

3.1.  CdS  films 

Figure  1  shows  the  conductance  response  Gg/Go  above  the 
border  temperature  T*  and  Go/Gg  below  T*  to  100  ppm  of 
CO  in  dry  nitrogen  (oxygen  and  humidity  concentrations 
few  ppm)  for  the  three  different  CdS  film  types  I,  II  and  III. 
Go  is  the  measured  conductance  in  nitrogen  and  Gg  the 
conductance  after  exposure  to  CO.  CO  behaves  as  a 
reducing  gas  at  all  temperatures  with  the  Ill-type  film,  but 
has  border  temperatures  T*  at  300  K  and  320  K  with  the  I- 
and  Il-type  films,  respectively.  With  these  two  film  types  the 
behaviour  of  CO  changes  from  reducing  to  oxidizing  when 
the  temperature  of  the  films  decreases  through  T*.  The 
enrichment  of  the  surface  by  Cd  (I-type  Aims)  had  a  decreas¬ 
ing  effect  on  T*.  An  increase  of  the  sensitivity  to  CO  with 
increasing  surface  content  of  Cd  is  also  shown  in  Fig.  1, 
both  above  and  below  T*. 


Temperature  (K) 

Fig.  1.  Conductance  response  Gg/Go  (and  Go/Gg)  of  I-,  II-  and  Ill-type 
CdS  films  to  100  ppm  of  CO  in  nitrogen  at  different  temperatures.  T*  is  the 
border  temperature  between  oxidizing  and  reducing  behaviour  of  CO. 

Figure  2  shows  typical  response  and  recovery  (t^^) 
times  (corresponding  to  a  change  of  90%  of  the  total 
change)  of  I-type  films  in  the  case  of  exposure  to  100  ppm  of 
CO  in  nitrogen  at  different  temperatures.  The  temperature 
T*  has  an  important  role  in  the  temperature  behaviour  of 
both  T„s  and  .  Especially,  has  a  high  jump  at  T*. 

IR  spectroscopy  has  been  used  in  order  to  study  possible 
changes  in  the  chemisorption  of  CO  on  CdS  surfaces  above 
and  below  the  temperature  T*.  Typical  results  in  the 
absorption  region  of  carbonilic  species,  2000-2300  cm“^, 
are  shown  in  Fig.  3  for  I-type  and  Ill-type  films.  An  expo¬ 
sure  of  I-type  films  to  100  ppm  of  CO  in  nitrogen  at  290  K 
led  to  an  immediate  appearance  of  a  broad  and  intense 
absorption  peak  in  the  region  2085-21 15 cm“^  The  peak 
consisted  of  two  components  at  2090cm”^  and  2110cm"^ 
At  the  same  time,  a  decrease  was  observed  in  the  conduc¬ 
tivity  of  films.  After  removing  of  CO  from  the  atmosphere, 
the  band  at  2110cm”‘  disappeared  first,  while  the  band  at 
2090  cm  decreased  gradually  and  vanished  after  15  min.  A 
shift  of  the  absorption  peak  up  to  2140  cm  was  found 
after  increasing  the  film  temperature  above  T*  to  340  K.  IR 
spectra,  measured  from  Ill-type  films,  did  show  only  a  less 
intense  peak  at  2140 cm“‘  [Fig.  3(b)]. 

3.2.  SnfiVOy  films 

Figure  4  shows  the  temperature  dependence  of  conductance, 
in  the  form  of  an  Arrhenius  plot,  measured  for  different 


Fig.  2.  Response  (t^,)  and  recovery  (t„j)  times  of  an  I-type  CdS  film  at 
different  temperatures  for  90%  conductance  changes  after  introducing  and 
removing  100  ppm  of  CO  in  nitrogen,  respectively. 
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Fig.  3.  IR  absorption  bands  in  the  region  of  carbonilic  species,  measured 
after  CO  chemisorption  on  surfaces  of  (a)  I-type  and  (b)  Ill-type  CdS  films 
at  290  K  (solid  line)  and  340  K  (dashed  line). 

Sn^WOy  films  in  Table  I  at  a  heating  rate  of  2.4°C/min  in 
synthetic  air  and  in  nitrogen  (few  ppm  of  oxygen  and 
humidity)  between  room  temperature  and  400  °C.  An 
increase  of  Sn  content  in  the  films  did  increase  the  conduc¬ 
tivity  of  the  film,  especially  in  synthetic  air  at  low  tem¬ 
peratures  near  room  temperature.  Simultaneously,  the 
temperature  coefficient  of  conductivity  decreased.  The 
increase  of  conductance  of  the  a-SnW04  film  (SnWl)  in  syn¬ 
thetic  air  in  Fig.  4(a)  corresponds  to  an  average  activation 
energy  of  0.18  eV  up  to  400  °C.  Large  differences  appear  in 
condutance  values  of  the  pure  WO3  film  (and  SnW6  film) 


a) 


103/T(K-i) 

Fig.  4.  Conductance  of  different  Sn,,WO,,  films  in  Table  l(x  =  Sn/W  ratio), 
measured  (a)  in  dry  synthetic  air  and  (b)  in  nitrogen  at  different  tem¬ 
peratures  between  room  temperature  and  400  °C. 


Fig.  5.  Conductance  response  of  an  SnWl  (a-SnWOJ  film  to  different  con¬ 
centrations  of  CO  in  dry  synthetic  air  (a)  at  200  °C  and  (b)  at  3(X)  °C. 


between  synthetic  air  and  nitrogen  at  low  temperatures  in 
Fig.  4. 

Figure  5  shows  the  conductance  response  of  an  SnWl  (a- 
SnWOJ  film  to  different  concentrations  of  CO  in  synthetic 
air  at  200  °C  and  300  °C.  A  dual  behaviour  of  conductance 
response  to  CO  is  shown  between  200  °C  and  300  °C  in  Fig. 
5.  At  300  °C,  conductance  of  the  film  increased  with  increas¬ 
ing  CO  concentrations,  but  at  200  °C,  conductance 
increased  at  exposure  to  10  ppm  of  CO  while,  at  higher  CO 
concentrations,  conductance  decreased  with  increasing  CO 
concentration.  A  dual  conductance  behaviour  was  now 
observed  also  at  a  constant  temperature  of  200  °C  by 
varying  CO  concentration.  As  is  shown  in  Fig.  5,  both 
response  and  recovery  times  have  large  differences  between 
200  °C  and  300  °C. 


Fig.  6.  Conductance  response  Gg/Go  (and  Go/Gg)  of  different  Sn^WO^ 
films  in  Table  I  (x  =  Sn/W  ratio)  to  250  ppm  of  CO  in  synthetic  air  at 
different  temperatures. 
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It  was  found  that  dual  conductance  response  to  CO  does 
not  depend  only  on  temperature  and  CO  concentration,  but 
also  on  the  tin  content  in  Sn^^WO,,  films.  This  is  shown  in 
Fig.  6  where  the  conductance  ratios  between  synthetic  air 
(Go)  and  250  ppm  of  CO  in  synthetic  air  (Gg)  are  plotted  for 
five  different  films  in  Table  I,  having  different  tin  concentra¬ 
tions,  in  a  temperature  range  between  150  °C  and  400  °C. 
Only  the  two  films  SnWl  and  SnW3  show  dual  conduc¬ 
tance  behaviour  with  respect  to  temperature.  The  border 
temperature  T*  is  about  the  same,  around  230  °C,  to  both 
films.  a-SnW04  was  found  from  SEM  and  AFM  images  to 
be  the  matrix  phase  in  these  films.  A  strong  increase  of  the 
conductance  ratio  Gg/Go  of  the  pure  WO3  film  (and  SnW6 
film)  at  150  °C  is  shown  in  Fig.  6. 

4.  Discussion 

The  role  of  the  adsorption/desorption  mechanism  and  that 
of  the  surface  defect  mechanism  in  creation  of  the  trans¬ 
ducing  conductance  signal  in  semiconductor  gas  sensors  is, 
to  some  extent,  in  a  controversial  state.  The  creation  of 
oxygen  surface  vacancies  in  oxidic  semiconductors  is  of 
central  importance  in  the  surface  defect  mechanism.  In  the 
case  of  conductance  response  to  CO  or  to  changes  in 
oxygen  partial  pressure,  oxide  materials  like  a-SnW04  may 
reflect  changes  in  the  amount  of  oxygen  vacancies  (donors) 
in  addition  to  changes  in  the  amount  of  adsorbed  oxygen, 
while  the  first  changes  are  not  possible  in  the  case  of  CdS 
films. 

The  oxidizing  behaviour  of  CO,  in  connection  with  the 
dual  conductance  response,  is  very  difficult  to  explain.  Its 
appearance  in  both  oxidic  a-SnW04  and  CdS  films  may 
rule  out  changes  in  the  amount  of  donors  as  the  origin  for 
the  behaviour.  Different  electrode  materials  used  for  CdS 
(indium)  and  a-SnW04  (gold)  films  may  also  rule  out  elec¬ 
trodes  as  the  origin  for  the  behaviour  [6].  Then,  the  origin 
should  be  at  the  film  surfaces.  The  abrupt  changes  in  the 
response  and  recovery  times  (Fig.  2)  and  in  CO  chemisorp¬ 
tion  (Fig.  3)  at  the  border  temperature  T*  also  support  this 
reasoning.  A  possiblility  is  that  CO  behaves  as  a  surface 
acceptor  trapping  electrons  to  its  antibonding  In*  orbital. 
The  red  shift  in  the  carbonyl  stretching  band  in  Fig.  3(a), 
when  the  CO  behaviour  changes  from  reducing  to  oxidizing 
below  T*,  is  in  agreement  wiht  that  interpretation.  Changes 
in  polar  surface  layers  of  ionic  semiconductors  and  corre¬ 
sponding  changes  in  the  electron  affinity  of  the  semicon¬ 


ductor  may  serve  as  another  explanation  for  the  dual 
conductance  behaviour  in  response  to  CO. 

The  results  in  Fig.  1  refer  to  CO  response  of  CdS  films  in 
nitrogen  (few  ppm  of  oxygen),  while  the  results  in  Fig.  5 
refer  to  CO  response  of  an  a-SnW04  film  in  synthetic  air.  It 
seems  that  the  dual  conductance  behaviour  is  not  sensitive 
to  the  amount  of  oxygen  in  ambient  atmosphere.  In  fact,  a 
dual  conductance  behaviour  was  also  found  by  CdS  films  in 
the  case  of  response  to  CO  in  synthetic  air.  A  large  differ¬ 
ence  of  about  200  °C  is  shown  between  the  temperatures  T* 
of  CdS  and  Sn^^WO,,  films  in  Figs  1  and  6,  respectively.  This 
is  a  typical  temperature  difference  also  for  the  similar 
sigmoid  behaviour  of  conductance  versus  temperature  [Fig. 
4(a)]  between  CdS  and  oxidic  semiconductor  films.  With 
increasing  temperature,  above  room  temperature,  the 
increase  rate  of  conductance  of  CdS  and  oxidic  semicon¬ 
ductor  films  starts  to  decrease  at  around  50  °C  and  250  °C, 
respectively.  An  unusual  conductance  response  of  some 
Sn02  thick  films  to  CO  after  a  fast  cooling  process  is 
described  in  Ref.  [7].  The  situation  with  those  SnOj  films 
resembles  the  present  situation  where  the  unusual  dual  con¬ 
ductance  behaviour  appears  only  by  films  with  high  cation 
concentrations  (Fig.  1)  and  high  conductivity  at  tem¬ 
peratures  below  T*  (Fig.  4). 
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Abstract 

An  ab  initio  cluster  approach  (LDA-SCF)  is  used  to  study  the  electronic 
structure  of  the  SnOj  (110)-1  x  1  surface  without  any  relaxation  and 
reconstruction.  Modelling  is  made  for  the  ideal  nonpolar  surface  and  also 
for  surfaces  containing  different  kinds  of  oxygen  vacancies,  foreign  impu¬ 
rities  and  adsorbates.  Computations  are  based  on  the  linear  combination  of 
atomic  orbitals  (LCAO),  which  allows  the  population  analysis  through  pro¬ 
jection  of  the  molecular  orbitals  onto  the  atomic  basis  set.  This  is  used  to 
trace  the  atomic  character  of  the  cluster  levels.  A  cluster  with  103  atoms 
Sn320,j  is  used  to  model  the  ideal  SnOj  (110)  surface,  the  most  stable  and 
thus  the  dominant  crystallite  face  of  the  polycrystalline  SnOj ,  and  the  next 
few  bulk  layers.  The  results  here  refer  to  both  the  ideal  nonpolar  (110) 
surface  and  some  oxygen-deficient  polar  (110)  surfaces.  Chromium  and  NO 
are  taken  as  examples  of  impurity  atoms  and  adsorbate  molecules,  respec¬ 
tively.  Based  on  the  results  we  are  able  to  suggest  an  explanation  for  the 
observed  strong  decrease  of  conductivity  of  SnOj  polycrystalline  films  and 
the  enhanced  adsorption  and  dissociation  of  NO  on  the  SnOj  surface  due 
to  adding  of  chromium  impurities. 

1.  Introduction 

Stannic  oxide,  Sn02,  in  its  pure  form  is  an  n-type  wide 
band-gap  semiconductor.  Its  electrical  conductivity  results 
from  point  defects  which  are  native  (mainly  oxygen 
vacancies)  or  foreign  atoms  that  act  as  donors  or  acceptors. 
Some  unique  electrical  and  optical  properties  of  Sn02  make 
it  useful  for  many  applications,  like  gas  reduction  and  detec¬ 
tion.  For  instance,  the  majority  of  semiconductor  gas 
sensors  today  use  SnOj  as  the  reactive  element. 

Local  energy  levels,  originating  from  defects  like  oxygen 
vacancies  at  or  near  SnOj  surfaces,  may  have  an  important 
role  in  both  electrical  transport  and  gas  response  properties 
of  Sn02  [1].  Oxygen  vacancies  behave  as  double  donors  in 
the  bulk  Sn02.  However,  the  theoretical  prediction  from 
band-structure  calculations  [2]  that  oxygen  vacancies  at  the 
surface  of  SnOj  do  not  act  as  donors  is  supported  by  some 
UPS  and  conductance  measurements  [1].  Similar  results 
were  also  obtained  from  our  earlier  cluster  model  [3],  used 
for  the  simulation  of  the  surface  effects  on  some  energy 
levels  of  SnOj  in  relation  to  oxygen  vacancies. 

Chromium  impurities  in  Sn02  have  a  strong  effect  on 
both  its  electrical  conductivity  and  catalytic  properties. 
Incorporation  of  small  amounts  (1  %  or  less)  or  Cr  into  the 
surface  layer  of  Sn02  basically  influences  the  surface 
properties  of  Sn02  and  results  in  a  very  effective  catalyst  for 
the  low-temperature  reduction  of  NO  [4].  It  seems  likely 
that  the  high  reactivity  of  Cr  ions  at  the  surface  is 
responsible  for  the  enhanced  adsorption  and  dissociation  of 
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NO.  Only  0.1  wt%  of  Cr203  powder  mixed  with  the  SnOj 
powder  has  been  shown  to  cause,  after  sintering,  the  con¬ 
ductance  of  some  Sn02  thick-film  samples  to  drop  by 
several  orders  of  magnitude  [5].  Due  to  the  very  high  resist¬ 
ance  values,  the  samples  were  not  applicable  for  conduc¬ 
tance  measurements  below  500  °C. 

A  cluster  model  of  up  to  a  hundred  or  more  atoms  will  be 
shown  to  be  able  to  simulate  the  characteristics  of  a  large 
crystal  surface,  also  reflecting  the  energy  levels  of  the  surface 
with  band  formation.  The  cluster  model  can  also  include 
foreign  atoms  at  the  solid  surface  or  surface  defects  like 
oxygen  vacancies  in  oxidic  semiconductors.  Furthermore, 
the  model  gives  a  detailed  picture  of  the  energy  and  shape  of 
the  individual  orbitals  of  the  surface  atoms  and  their  modifi¬ 
cation  by  the  presence  of  impurities  and  adsorbates. 

2.  Computational  method 

In  general,  localised  structures  and  phenomena  of  bulk 
solids  or  solid  surfaces  can  be  conveniently  modelled  with 
finite  clusters.  Point  defects,  foreign  impurities  and  adsorb¬ 
ates  on  the  surfaces  are  typical  examples  of  such  objects,  as 
they  induce  local  charge  redistributions  affecting  on  the 
atomic  bonding  network  and  electronic  structure.  Cluster 
models,  on  the  other  hand,  do  not  reproduce  the  three 
dimensional  band  structure  of  the  infinite  and  periodic  solid, 
and  therefore,  special  expertise  may  be  needed  in  the  model 
building  and  interpretation.  Furthermore,  the  finite  size 
effects  should  be  under  careful  control  and  the  following 
questions  should  be  answered.  What  are  the  effects  from  the 
cluster  boundaries,  or  conversely,  what  would  be  the  effects 
of  embedding  the  cluster  onto  the  solid  surface  or  bulk? 
What  are  the  effects  from  the  charge  unbalance  or  lack  of 
screening,  if  ionic  species  or  strongly  polarized  clusters  are 
considered?  Should  we  always  use  stoichiometric  clusters? 
The  relevance  of  these  questions  vary  within  materials  from 
metals  to  semiconductors  and  insulators  and  could,  of 
course,  be  often  simulated  with  some  kind  of  embedding 
process  [6]. 

One  of  the  important  advantages  of  the  cluster  model  is 
the  easy  calling  of  self-consistent  (SCF)  ab  initio  methods 
[7].  Also  semiempirical  methods  could  be  employed  allow¬ 
ing  the  treatment  of  larger  clusters  but  possibly  being  more 
limited  in  the  description  of  the  electronic  structure.  We 
have  chosen  to  use  the  linear  combination  of  atomic  orbitals 
(LCAO)  method  and  local-density  approximation  [8].  This 
makes  it  possible  to  obtain  a  detailed  picture  of  the  bond 
formation  and  modifications,  all  based  on  the  description 
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using  atomic  orbitals.  LCAO  allows  us  to  project  the  elec¬ 
tronic  levels  of  the  cluster  onto  the  atomic  orbitals,  which 
are  used  as  basis  functions.  This  is  the  most  transparent  way 
of  explaining  bond  formation  or  breaking  in  adsorption  or 
vacancy  formation  in  terms  of  atomic  orbitals.  Therefore, 
the  minimal  basis  set  tin  orbitals  up  to  5p  but  without  4f 
and  oxygen  orbitals  up  to  2p,  was  used.  On  the  other  hand, 
the  core  orbitals  do  not  participate  in  the  bonding.  The  tin 
4d  and  5s  orbitals  are  27  and  10  eV  and  oxygen  Is  and  2s 
orbitals  are  510  and  24  eV  below  the  vacuum  level,  respec¬ 
tively.  Hence,  the  frozen  core  approximation  was  adopted 
for  tin  orbitals  in  the  K,  L,  M  and  N  shells  and  for  oxygen 
orbitals  in  the  K  shell.  The  justification  of  the  frozen  core 
approximation  for  these  levels  was  verified  using  smaller 
clusters  for  comparative  studies. 

Ab  initio  methods  (including  electronic  correlations)  are 
computationally  heavy.  However,  employment  of  the  sym¬ 
metry  properties  in  the  cluster  arrangement  reduces  mueh  of 
the  labour,  and  the  local-density  approximation  (LDA)  of 
the  density-functional  theory  makes  the  computational 
approach  of  relatively  large  clusters  attractive.  For  very 
large  systems  or  infinite  solids  the  LDA  is  the  only  practical 
method  which  can  be  used  to  include  the  exchange  and 
correlation  effects.  For  computations  we  have  used  the 
DMol  code  [8]  which  is  now  also  commercially  available 

[9]  and  von  Barth-Hedin  exchange-correlation  functional 

[10] ,  which  is  simple  and  straightforward  to  use  also  in  the 
spin-polarized  form. 

3.  Cluster  model 

Figure  1  shows  the  unit  cell  of  the  rutile  crystal  structure  of 
SnOj  containing  two  Sn  and  four  O  atoms.  The  structure  is 
6  :  3  coordinated  and  has  a  relatively  strong  ionic  character. 
The  bulk  electronic-structure  calculations  for  Sn02  [11] 
predicted  a  direct  optical  band  gap  of  3.6  eV  in  agreement 
with  experimental  results.  The  conduction-band  minimum, 
which  is  about  4.5  eV  below  the  vacuum  level,  is  90%  Sn 
s-like  state  and  surprisingly  similar  to  that  for  the  free- 
electron  model.  The  valence-band  maximum  region  of  width 
2eV  consists  mainly  of  oxygen  p  lone-pair  orbitals  directed 
perpendicularly  to  the  Sn-O  bonds.  In  some  calculations  the 
optical  band  gap  has  been  found  to  be  nearly  free  of  surface 
states  [12]  and  surface  defect  states  originating  from  differ¬ 
ent  oxygen-vacancy  models  at  the  (110)  surface  [2]. 
However,  the  experimental  results  from  UPS  measurements 
[13]  show  that  oxygen-deficient  Sn02  (110)  surfaces  display 


a  significant  density  of  surface  states  in  the  band  gap  up  to 
the  Fermi  level,  but  oxidized  (more  ideal)  surfaces  show  no 
significant  density  of  band-gap  states. 

Our  computations  refer  to  the  Sn02  (110)  face  which  is 
the  most  stable,  and  thus  the  dominant  crystallite  face  of 
Sn02.  The  use  of  the  (110)  surface  without  any  reconstruc¬ 
tions  in  our  computations  is  based  on  experimental  findings 
of  the  thermally  driven  reconstructions  of  ion-bombarded 
Sn02  (110)  surfaces  in  Ref.  [14].  The  (110)  crystal  plane  is 
shown  in  Fig.  1  and  Fig.  2  illustrates  the  cluster  Sn3207i 
used  for  modelling  the  atomic  structure  of  the  ideal  (110)- 
1x1  surface.  The  cluster  Sn3207i  in  Fig.  2  with  a  C2v  sym¬ 
metry  has  103  atoms  and  in  addition  to  that  two  atoms  of  a 
diatomic  adsorbate  over  a  surface  tin  (site  1).  In  the  [110] 
direction,  the  crystal  is  seen  to  be  composed  of  nonpolar 
“unit”  layers,  each  containing  three  atomic  planes, 
[(0^~)(2Sn'‘^  +  20^“XO^“)]  per  (110)  unit  area.  On  ideal 
surfaces,  containing  also  the  “bridging”  oxygens  (98  and  100 
in  Fig.  2),  there  are  equal  numbers  of  fivefold-  and  sixfold- 
coordinated  surfaee  cations.  The  “bridging”  oxygens  appear 
as  rows  in  the  [001]  direction  at  the  outermost  plane  and 
occupy  bridging  positions  between  second-plane  sixfold- 
coordinated  tin  atoms.  Oxygen  atoms  in  the  second  plane  of 
the  outermost  nonpolar  “unit  layer”  (20  and  24  in  J^ig.  2)  are 
referred  to  as  “in-plane”  oxygens.  The  top  view  of  the  ideal 
(110)  surface  in  the  [110]  direction  is  shown  in  Fig.  3. 

Here  the  results  refer  only  to  different  modifications  of  the 
basic  cluster  in  Fig.  2,  although  smaller  elusters  were  also 
considered,  especially  for  adsorbate  studies.  Some  molecular 
computations  were  carried  out  at  the  higher  level,  too.  The 


Fig.  2.  Structure  of  the  basic  cluster  SujjO,;  with  Cj,  symmetry  and  with 
a  diatomic  “adsorbate”  (sites  104  and  105).  This  is  the  model  for  the  ideal 
SnOj  (1 10)-1  X  1  surface. 


Fig.  1.  Unit  cell  of  the  rutile  structure  of  SnOj  with  the  tetragonal  DiJ 
symmetry  and  parameter  values  a  =  4.131  A,  c  =  3.186  A  and  the  internal 
parameter  u  =  0.306  (each  cation  has  two  anions  at  the  distance  y/2ua  in 
the  surrounding  distorted  octahedron). 


Fig.  3.  Top  view  of  the  ideal  SnOj  (110)-1  x  1  surface  in  the  [110]  direc¬ 
tion  illustrating  the  positions  of  tin  and  oxygen  atoms  in  the  five  upper¬ 
most  surface  planes  in  two  “unit”  surface  layers. 
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basis  set  was  extended  to  include  more  functions  to  reveal 
any  notable  basis  set  effects.  The  spin-polarised  treatment  of 
molecular  orbitals  was  allowed  in  search  for  the  ground 
state  of  the  molecule  and  to  determine  its  contribution  to 
the  molecular  energetics. 

For  the  computational  reasons  the  cluster  size  was  limited 
to  about  one  hundred  atoms.  A  typical  SCF  run  for  such  a 
cluster  with  115  iteration  cycles  on  Convex  C3840  took 
about  500  minutes.  Therefore,  only  molecular  conforma¬ 
tions  and  absorbate  positions  on  the  surfaces  were  opti¬ 
mized  by  minimizing  the  total  energy,  but  any 
reconstruction  of  the  cluster  geometry  was  not  allowed. 
Experimental  results  in  Refs  [13, 14]  show  that  this  is  a  very 
realistic  assumption  for  the  SnOj  (110)  surface.  Any  relax¬ 
ation  of  the  boundary  layer  atoms  at  the  cluster  surface 
could  have  enhanced  the  finite  size  effects  only,  instead  of 
leading  to  the  true  local  reconstructions. 


4.  Results  and  discussion 

The  5s  level  of  the  free  tin  atom  is  about  10  eV  below  the 
vacuum  level,  but  the  oxygen  octahedron  around  a  tin  atom 
in  bulk  SnOj  pushes  the  bottom  of  the  bulk  conduction 
band  of  SnOj  (90%  Sn  s-like  state)  up  to  about  4.5  eV  below 
the  vacuum  level.  Here  we  concentrate  mainly  on  the  energy 
and  the  origin  of  the  cluster  levels  around  the  “band  gap” 
region.  Computed  energy  levels  from  the  basic  cluster  in 
Fig.  2  (without  any  adsorbate)  are  shown  in  Fig.  4  at  this 
energy  region  (zero  energy  in  all  Figs  4,  5  and  6  refers  to  the 
vacuum  level).  The  symbols  of  the  energy  levels  indicate  the 
strongest  atomic-orbital  component  from  the  projection 
together  with  the  atom  label  from  Fig.  2  as  a  subscript.  For 
some  mixed  levels,  also  the  second  strongest  component  is 
given  above  the  strongest.  For  example,  the  symbol  5sio 
means  that  5s  orbital  of  the  tin  atom  10,  but  also  the  5s 
orbitals  of  three  other  tin  atoms  because  of  the  Cj^  sym¬ 
metry.  The  energy  level  with  two  full  circles  (spin 
degeneration)  is  the  highest  fully  occupied  level,  while  the 
level  with  two  open  circles  is  the  lowest  fully  unoccupied 
level  in  the  computation.  The  levels  between  these  two  have 
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Fig.  4.  Computed  energy  level  diagrams  around  the  “band-gap”  region 
(£g  «  3.6  eV)  (a)  of  the  basic  cluster  SnjjO^j  in  Fig.  2  and  of  its  two  modifi¬ 
cations.  The  modifications  contain  the  basic  cluster  with  two  oxygen 
vacancies  at  sites  98  and  its  Cj,  symmetry  site  (b)  and  at  sites  36  and  its 
Cjv  symmetry  site  (c).  The  energy  values  of  the  levels  are  given  with  refer¬ 
ence  to  the  vacuum  level.  The  cohesion  energies  of  the  clusters  (binding 
energies,  BE)  are  given  with  reference  to  the  free  atoms. 
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Fig.  5.  Computed  energy  level  diagrams  around  the 
(a)  a  cluster  (SujjO^jlO'i’g  ’  where  all  six  “bridging” 

“band-gap”  region  of 
oxygens  (sites  98,  100 

...)  in  the  basic  cluster  are  removed,  and  of  (b)  its  modifications  SnOjCr 
where  four  tin  atoms  at  sites  1,  55  and  its  Cj,  symmetry  site  and  88  are 
replaced  by  chromium  impurities.  The  vacuum  level  and  the  free  atoms  are 
the  references  for  the  energy  levels  and  binding  energies  (BE),  respectively. 


a  partial  population  as  an  indication  of  the  thermal  dis¬ 
tribution  of  occupations.  The  total  cohesion  energies  with 
reference  to  those  of  free  atoms  (binding  energies,  BE)  are 
also  given  in  the  figures.  The  conduction-band  minimum  is 
connected  to  the  (5s  orbital  of  tin  atom  51)  level 
(— 3.7eV),  since  Sn  at  the  site  51  may  be  the  best  representa¬ 
tive  for  the  bulk  tin  in  the  cluster.  The  valence-band 
maximum  in  Fig.  4  is  fixed  to  the  top  region  of  oxygen  2p 
orbitals  corresponding  quite  well  to  the  true  band-gap  value 
of  3.6  eV.  Some  surface  states,  originating  from  Sn  and  O 
atoms  at  the  sites  10  and  20  at  the  (110)  surface,  are  also 
shown  in  the  “band  gap”. 

The  origin  of  the  local  energy  levels,  related  to  oxygen 
vacancies  in  SnOj,  is  in  the  neighbouring  tin  atoms  and, 
especially,  in  their  5s  orbitals.  Electronic  structures  of  two 
clusters,  both  with  two  oxygen  vacancies  in  the  surface 
layer,  are  also  shown  in  Fig.  4.  The  cluster  (Sn3207i)0(f’2^’ 
has  two  oxygen  vacancies  in  the  1.  plane  of  the  1.  layer  (the 
“bridging”  oxygens  98  and  its  C2v  symmetry  partner  in  Fig. 
2  are  missing).  In  the  cluster  (Sn3207i)  the  two 

oxygen  vacancies  are  in  the  3.  plane  of  the  1.  layer,  when  the 
two  oxygen  atoms  36  and  its  C2y  symmetry  partner  in  Fig.  2 
have  jumped  to  the  “bridging”  vacancies  in  the  cluster 
(Sn3207i)  Sn  at  the  site  6  is  the  neighbouring  tin 

atom  to  the  oxygen  vacancy  in  both  clusters.  New  energy 
levels  in  the  “band  gap”,  originating  from  5s^  orbitals,  are 


NO-moIecule  Cluster  with  NO-adsorbate  Sn02Cr-cIuster 

Fig.  6.  Computed  energy  level  diagrams  of  the  NO  molecule,  the  cluster 
SnOjCr  with  four  Cr  impurities  [Fig.  5(b)]  and  of  the  interaction  of  NO 
molecule  with  the  Cr  impurity  on  the  SnOj  (110)  surface  (site  1  in  the 
cluster).  The  vacuum  level  and  the  free  atoms  are  the  references  for  the 
energy  levels  and  binding  energies  (BE),  respectively.  Band  edges  CB  and 

VB  for  both  the  cluster  and  bulk  SnOj  ( - ^)  are  also  shown  in  the  figure. 

The  subscripts  of  Cr  3d  orbitals  describe  different  symmetries  of  these 
orbitals. 
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shown  in  Fig.  4.  The  levels  are  at  the  bottom  of  the  “band 
gap”  and  also  above  the  middle  point  of  the  “band  gap”  in 
agreement  with  experimental  findings  in  Ref.  [13].  There  are 
also  some  differences  in  the  “electron  affinity”  between  the 
three  clusters  in  Fig.  4.  After  removal  of  a  “bridging” 
oxygen,  for  instance,  its  extra  electrons  may  reside  at  the  tin 
atom  below  it  (Sn^"^  instead  of  Sn'^''")  making  some  polarity 
to  the  “unit”  surface  layer. 

All  six  “bridging”  oxygens  in  the  cluster  in  Fig.  2  are 
removed  in  the  cluster  (Sn3207i)0*i’6^\  The  energy  levels  of 
this  cluster  are  shown  in  Fig.  5  together  with  levels  for  its 
modification  where  four  tin  atoms  (sites  1,  55  and  its  Cjv 
symmetry  partner,  and  88  in  Fig.  2)  are  replaced  by  chro¬ 
mium  impurity  atoms.  The  energy  levels  originating  from  5s 
orbitals  of  the  tin  atoms  below  the  removed  “bridging” 
oxygens  in  the  cluster  (Sn3207i)0(^’6‘*  are  near  the  “valence- 
band”  edge,  which  means  that  these  tin  atoms  at  the 
oxygen-deficient  (110)  surface  are  in  the  divalent  form  Sn^"*". 
The  band-gap  levels,  observed  to  continue  up  to  the  Fermi 
level  in  the  case  of  oxygen-deficient  (110)  surfaces  [13],  may 
arise  from  “in-plane”  oxygen  surface  vacancies.  The  “band- 
gap”  levels,  originating  from  3d  orbitals  of  Cr  impurities  in 
Fig.  5,  are  in  two  groups.  One  is  near  the  bottom  of  the 
“gap”  and  the  other  above  the  middle  point  of  the  “gap”. 
The  levels  originating  from  the  surface  chromium  (3di)  are 
in  the  lower  group.  Deep  trap  levels  in  the  band  gap,  origin¬ 
ating  from  Cr  bulk  impurities,  decrease  the  concentration  of 
conduction  electrons  in  n-type  Sn02.  The  levels  from  the  Cr 
surface  impurities,  near  the  bottom  of  the  band  gap,  trap 
electrons  and  increase  the  surface  energy  barrier  of  this 
n-type  semiconductor.  Thus,  both  bulk  and  surface  impu¬ 
rities  may  have  a  very  strong  effect  on  conductivity  of  poly¬ 
crystalline  films. 

Figure  6  shows  energy  level  diagrams  describing  the  inter¬ 
action  of  the  NO  molecule  with  the  Cr  impurity  on  Sn02 
(110)  surface,  computed  from  the  cluster  Sn02Cr  with  four 
Cr  impurities  in  Fig.  5(b)  together  with  the  NO  molecule 
above  the  surface  chromium  (site  1  in  Fig.  2).  Three  most 
important  energy  levels  \n,  5o  and  2n*,  computed  without 
spin  polarization  for  NO,  are  also  shown  in  Fig.  6.  A 
smaller  cluster  was  used  to  model  the  Sn02  (110)  surface 
with  a  Cr  impurity  when  the  position  of  the  NO  molecule 
above  the  surface  impurity  was  optimized.  This  position  was 
used  in  the  computation  of  the  electronic  structure  in  Fig.  6 
with  the  large  cluster.  The  energy  difference  between  the 
bonding  In  and  antibonding  In*  orbitals  has  decreased 
from  the  value  8.1  eV  in  the  free  NO  molecule  to  6.1  eV  as  a 
result  of  NO  adsorption.  The  transient  formation  and  disso¬ 
ciation  of  NO  ”  species  has  been  assumed  to  be  important  in 


the  catalytic  reduction  of  NO  [4].  The  transfer  of  an  extra 
electron  from  surface  Cr  to  the  antibonding  In*  orbital  of 
NO  leads  to  the  significant  weakening  of  the  N-O  bond. 
The  results  in  Fig.  6  are  in  good  agreement  with  the  above 
reasoning.  It  may  be  possible  to  relate  the  deep  surface  traps 
(mixed  2n*  states  in  Fig.  6)  with  the  high  reactivity  of  Cr 
surface  impurities  to  explain  the  enhanced  adsorption  and 
dissociation  of  NO. 


5.  Conclusions 

Band-gap  levels  were  found  to  arise  from  “bridging”-oxygen 
vacancies  at  the  Sn02  (110)  surface  in  agreement  with 
experimental  findings  in  Ref  [13].  The  levels  were  near  the 
valence-band  edge  when  “bridging”  oxygens  were  removed 
from  the  (110)  surface  (Fig.  5).  Chromium  bulk  impurities 
were  found  to  create  deep  trap  levels  in  the  band  gap  which 
may  decrease  concentration  of  conduction  electrons  in 
n-type  SnOj.  The  levels  from  chromium  surface  impurities 
were  near  the  bottom  of  the  band  gap.  These  levels  can  trap 
electrons  and  increase  the  surface  band  bending  of  Sn02. 
Thus,  both  types  of  Cr  impurities  are  likely  to  decrease  con¬ 
ductivity  of  Sn02  polycrystalline  films.  An  electron  transfer 
from  chromium  surface  impurity  to  adsorbed  NO  molecule 
may  weaken  the  N-O  bond  and  explain  the  enhanced 
adsorption  and  dissociation  of  NO  on  Sn02  surfaces  having 
chromium  impurities. 
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Abstract 

A  first  principle  based  quasi-deterministic  3D  particle  dynamics  Monte 
Carlo  simulation  method  was  developed  for  examining  mesoscopic  (sub¬ 
half  micron)  Si  electron  devices.  Applying  a  novel  method  for  calculating 
the  field  and  potential  distributions,  the  real  trajectories  of  the  carriers  are 
exactly  followed.  Consequently,  an  important  feature  of  this  method  is  that 
all  Coulomb  scatterings  are  inherently  taken  into  account.  A  description  of 
the  physical  background,  the  models  and  the  simulation  principle  is  given. 
The  boundary  conditions  and  a  deterministic  model  for  Auger  recombi¬ 
nation  is  also  presented.  Finally  a  simulation  example  is  described:  the 
evaluation  of  a  dense  hole-electron  plasma  induced  by  an  a  particle, 
passing  through  a  reverse  biased  pn-Junction.  In  connection  with  this 
example  we  also  detail  the  model  applied  for  the  carrier  generation  induced 
by  a  particles  penetrating  the  device. 


1.  Introduction 

The  following  considerations  have  led  us  to  apply  the  parti¬ 
cle  dynamics  Monte  Carlo  method  for  simulation  of  sub¬ 
half  micron  semi-conductor  structures: 

—  Assuming  a  Si  device  structure  with  a  volume  of 
0.25  X  0.25  X  0.25  pm^  and  a  doping  density  of 
10^^  m~^,  the  number  of  ionised  impurities  is  only  about 
10^.  The  number  of  carriers  is  of  the  same  order  of  mag¬ 
nitude. 

—  The  classical  methods  of  semiconductor  device  simula¬ 
tion  (drift-diffusion  or  hydrodynamic  semiconductor 
equations)  -  are  based  on  a  continuum  view  and  apply 
certain  statistical  considerations  for  the  carrier  distribu¬ 
tion  functions^.  These  methods  are  not  valid  any  more  if 
the  number  of  carriers  in  the  simulated  structure,  like  in 
our  case,  lies  only  in  the  order  of  magnitude  of  a  few 
thousands  or  less. 

The  relatively  small  number  of  carriers  suggests  the  devel¬ 
opment  of  a  particular  3D  Monte  Carlo  simulation  method 
for  studying  the  mesoscopic  device  behaviour,  where  the  tra¬ 
jectories  of  each  carrier  are  individually  and  exactly  fol¬ 
lowed  both  in  the  real  space  and  in  the  A-space  (wave  vector 
space).  The  increasing  computing  power  of  the  up-to-date 
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computers  allows  to  perform  such  a  simulation  by  using 
only  a  reasonable  amount  of  CPU-time.  Considering 
various  Monte  Carlo  simulation  methods,  the  particle 
dynamics  method  seems  to  be  the  most  suitable  technique^. 
More  sophisticated  Monte  Carlo  methods  (by  applying 
charge  clouds,  superparticles  etc.)  can  offer  far  more  effective 
numerical  solution  tools,  but  the  physics  of  the  simulated 
system  can  easily  be  obscured. 

The  simulation  in  the  3D  space  can  sometimes  be  simpli¬ 
fied  by  a  2D  approach  (i.e.  a  unit-width  3D  system, 
assuming  perfect  uniformity  in  the  neglected  direction).  The 
required  computing  power  could  sufficiently  be  reduced  in 
this  way.  This  simplification  cannot  be  applied  for  a  particle 
dynamics  Monte  Carlo  simulation  of  charged  particles, 
because  the  point  charges  in  2  dimensions  can  only  be 
implemented  as  line  charges.  In  this  case  we  would  get  an 
electric  field  of  1/r  dependence  and  a  potential  of  logarith¬ 
mic  dependence,  instead  of  1/r^  and  1/r  behaviour,  respec¬ 
tively.  Since  the  force  acting  to  the  charged  carriers  is 
proportional  to  the  field,  the  calculated  trajectories  in  any 
2D  case  would  be  suffiently  different  from  the  real  3D  ones. 

Our  3D  particle  dynamics  Monte  Carlo  semiconductor 
device  simulator  is  based  on  the  concepts  of  classical  physics 
(Newton  law.  Coulomb  law  etc.).  The  fact,  that  the  carriers 
are  elementary  particles,  is  taken  into  consideration  only  by 
anizotropic  effective  masses,  and  by  limitations  in  the 
momenta  (velocities)  by  Bragg  reflections,  to  remain  in  their 
first  Brillouin  zone.  In  this  way,  the  bulk  behaviour  can  be 
modelled  quite  accurately.  However,  in  some  cases  the  wave 
nature  of  the  carriers  is  not  negligible'^. 

During  the  development  of  the  method  we  concentrated 
to  apply  the  possible  deepest  first  physical  principles  inside 
the  examined  structure. 

Using  the  Monte  Carlo  method,  the  simulation  results  are 
the  instantaneous  states  and  scattering  events  of  each  indi¬ 
vidual  carrier  (like  carrier  position,  carrier  velocity,  carrier 


^  In  particle  dynamics,  all  particles  -  i.e.  in  our  case  charged  carriers, 
dopant  ions,  interface  charges  -  are  treated  as  point  charges,  without 
performing  any  charge  assignment  to  elementary  volumes. 

“  The  modelling  of  quantum  mechanical  effects  in  a  potential  well  near  the 
Si-SiOj  interface  of  a  MOS  transistors  is  different,  i.e.  the  wave  nature  of 
the  carriers  will  be  dominant.  In  theory,  a  self-consistent  solution  of  the 
field  and  the  Schrodinger  equations  may  give  correct  results,  but  the 
computer  time  requirement  in  the  3D  real  and  momentum  spaces  is 
extremely  large  -  for  the  up-to-date  supercomputers,  too.  Thus,  for  this 
case,  some  other  approach  is  needed.  A  detailed  description  is  given  in 
[!]• 
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wave  vector,  carrier  energy,  time  instant  of  a  scattering 
event,  etc.).  The  quantities  used  in  classical^  semiconductor 
device  theory  (such  as  carrier  concentrations,  mobility  of 
carriers,  current  densities  or  scattering  rates  etc.)  can  be 
derived  as  time-  and  space  averages  of  the  quantities 
delivered  by  the  Monte  Carlo  simulation  method. 

The  development  of  a  particle  dynamics  Monte  Carlo 
semiconductor  device  simulator  represents  two  different 
kinds  of  tasks: 

1.  The  development  of  the  simulator  itself. 

2.  The  development  of  tools  to  interpret  the  results  of  the 
Monte  Carlo  simulation  in  terms  of  the  classical  semicon¬ 
ductor  device  physics.  This  gives  the  possibility  to  compare 
the  results  to  experimental  data  or  to  the  results  given  by 
classical  semiconductor  device  simulators.  These  tools  can 
be  used  to  apply  Monte  Carlo  simulation  results  to  optimal 
parameter  determination  for  classical  semiconductor  device 
simulators. 


2.  The  principle  of  the  method 

The  state  of  carriers  is  characterised  by  the  real  space  coor¬ 
dinate  vector  r  and  by  the  wave  vector  k. 

The  carrier  dynamics  simulation  is  based  on  the  effective 
mass  concept.  As  long  as  the  constant  effective  mass  concept 
is  a  good  approximation,  the  results  give  an  exact  descrip¬ 
tion  of  the  real  physical  phenomena. 

Figure  1  shows  the  flow  chart  of  the  simulation. 


2.1.  Dispersion  relations. 

The  dodecaeder-shaped  first  Brillouin  zone  of  silicon  is 
approximated  by  a  sphere  (Debye  approximation),  having  a 
radius  of 


^Max  =  27c/asi  (2.1) 

2.1.1.  Dispersion  relation  for  electrons.  For  electrons,  there 
are  six  ellipsoid-shaped  constant  energy  surfaces  in  the  first 
Brillouin  zone.  For  <100>  oriented  silicon,  the  principal 
axes  of  these  ellipsoids  are  located  on  the  positive  or  nega¬ 
tive  coordinate  axes  in  the  ^-space  and  their  centres  are 
situated  at  0.854  fc^ax  [2]- 

The  dispersion  relation  for  electrons  in  the  i-th  valley  is 

Wi  =  ^h^{k  -  koi)mftf]iy(k  -  kod  (2.2) 

where  m^}/  is  the  reciprocal  effective  mass  tensor,  which  has 
the  following  generic  form: 
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(2.3) 


We  assume  that 

—  the  reciprocal  effective  mass  tensors  are  diagonal,  i.e.  all 
off-diagonal  elements  are  zero. 


’  In  the  following  the  terms  “classical  semiconductor  device  theory”  or 
“classical  semiconductor  device  simulators”  are  used  in  that  sense,  that 
they  are  based  on  the  Boltzmann  kinetic  equation  (drift-diffusion  or 
hydrodynamic  semiconductor  equations). 


Fig.  1.  The  flow  chart  of  the  simulation. 


—  the  diagonal  elements  of  the  reciprocal  effective  mass 
tensor  are  assumed  to  be  independent  of  the  k-vector 
(and  of  particle  energy)  having  a  value  corresponding  to 
the  zero  energy  constant  energy  surface. 

—  As  usual  approximation,  the  diagonal  elements  of  the 
effective  mass  tensor  may  have  two  different  values,  the 
transverse  effective  mass  and  the  longitudinal  effective 
mass  wjii .  For  example  for  the  <100>  orientation  = 
W|| ,  OTy  =  ffij. ,  m,,  =  mj. . 

Since  the  zero  energy  constant  energy  surfaces  are  not 
situated  at  the  origo  of  the  A-space,  the  electron  momentum 
and  velocity  vectors  are  linearly  dependent  on  their  k- 
vectors.  The  relationship  between  the  A-vector,  velocity  and 
momentum  for  the  electrons  of  the  ith  elUpsoid  is  given  by 

P  =  v  =  h{k-  kj  (2.4) 

2.1.2.  Dispersion  relation  for  holes.  The  masses  of  heavy 
and  light  holes  correspond  to  two  concentric  spherical  con¬ 
stant  energy  surfaces  (i.e.  the  warped  shapes  of  the  valence 
band  constant  energy  surfaces  are  approximated  by 
spheres).  Caused  by  the  assumed  spherical  symmetry  of  the 
constant  energy  surfaces,  the  hole  effective  masses  are  con¬ 
sidered  to  be  isotropic,  thus  the  diagonal  elements  of  the 
hole  effective  mass  tensor  are  equal,  i.e.  a  scalar  effective 
mass  can  be  considered.  The  dispersion  relation  for  holes  is 
given  by 

W  =  \h^—  (2.5) 
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Different  effective  masses  are  used  for  the  light  and  heavy 
holes  (m,  amd  respectively).  The  centre  of  the  constant 
energy  is  at  the  origin  of  the  A-space,  thus  the  hole  velocity 
vector  is  directly  proportional  to  the  A-vector. 

Split-off  holes  are  not  taken  into  consideration. 


2.3.  Carrier  dynamics 

The  state  of  carriers  in  the  real  space  and  momentum  space 
is  described  by  the  motion  equation.  During  a  short  time 
interval  the  change  of  the  carrier  state  is  caused 

—  by  forces  acting  to  the  carrier,  and 

—  by  non-Coulomb  scattering  events®  (see  later). 

2.3.1.  The  motion  equation.  The  carrier  dynamics  is 
described  by  the  classical  Newtonian  law  of  motion 


^  =  nieff 


(2.6) 


where  F{r)  is  the  force  acting  to  the  carrier. 

The  forces  acting  to  the  carriers  can  be  split  into  two 
components : 


Fir)  =  F^ir)  + 


(2.7) 


where 

—  FJir)  is  the  Coulomb  force  originating  from  charges 
inside  the  structure  i.e.  from  charged  carriers  and  from 
fixed  charges  (donors,  acceptors  and  charged  interface 
states).  This  force  is  evaluated  by  using  the  Coulomb  law 


I 


(2.8) 


resulting  in  an  electric  field  component 


E(r)=+-^y  •'-''i- 
-4nBi\r-rj\^ 

which  corresponds  to  a  potential  component 


(2.9) 


—  Fgsir)  is  the  force  caused  by  the  field  of  external  voltages 

Fmif  d  +  +  Qi  g’rad  il/^g  (2.1 1) 

This  component  is  evaluated  by  the  boundary  value 
problem  solution  of  the  Laplace  equation 

div  grad  =  0  (2.12) 


(with  a  set  of  boundary  conditions  modified  with  respect 
to  that  of  usually  applied  in  the  solution  of  the  Poisson 
equation). 

The  first  integral  of  the  motion  equation  (2.6)  yields  the 
carrier  velocity  vector,  and  the  second  integral  results  in  the 
carrier  position  vector.  Applying  a  time  increment  At  small 
enough  to  assume  a  constant  force  during  this  time  interval, 
the  integration  for  determining  the  carrier  trajectories  can 
be  carried  out  by  first  order  numerical  quadrature 
formulae^.  For  the  velocity  space: 

»(t  +  At)  =  i)(t)  +  F{r,  t)  At  (2.13) 


‘  The  Coulomb  scattering  events  are  inherently  accounted  for  by  the  solu¬ 
tion  of  the  motion  equation  (i.e.  depending  upon  the  forces). 

’  Because  of  the  field  is  a  strongly  varying  function  of  the  position  co¬ 
ordinate,  using  the  lowest  order  formulae  with  small  time  step  At  gives 
better  accuracy  than  higher  order  formulae  with  larger  time  step. 


and  for  the  real  space: 

lit  -)-  At)  =  r(t)  -f  v(t)  At  +  jF(r,  t)  At^  (2.14) 

The  velocity  and  momentum  space  coordinates  are  con¬ 
nected  according  to  the  relation  (2.4). 

Initial  values  of  the  integrations  are  the  carrier  position 
and  velocity  vectors  of  the  previous  simulation  step.  The 
advantage  of  the  described  method  is  that  all  Coulomb  scat¬ 
terings  (carrier-ionised  impurity,  carrier-carrier  and  carrier- 
charged  interface  state)  are  exactly  followed®  in  a 
deterministic  way. 

The  effect  of  forces  arising  from  the  magnetic  field  of 
moving  charges  is  neglected. 

2.3.2.  Potential  calculation.  In  classical  semiconductor 
device  simulation  methods,  the  potential  distribution  ipir)  is 
usually  the  primary  quantity  and  is  calculated  by  solving 
the  Poisson  equation.  The  electric  field  E{r)  is  a  derived 
quantity,  given  as  the  negative  gradient  of  the  potential  ipir). 
For  obtaining  a  carrier  density,  a  carrier  assignment  to  grid 
elements  is  necessary®. 

The  difficulties  for  the  particle  dynamics  method  with  the 
Poisson  equation  are  the  following: 

—  If  a  carrier  is  assigned  to  a  grid  element  with  a  given 
weight  function  (w),  the  original  charge  q  and  the  assign¬ 
ed  charge  distributions  (Sp)  are  different,  thus  the  poten¬ 
tial  and  the  electric  field  acting  on  the  carriers  will  be 
different  as  well.  This  causes  a  self-accelerating  electric 
field  [3].  Even  if  we  have  just  a  single  electron,  there  will 
be  a  given  electric  field  due  to  the  effective  charge  density 
assigned  to  the  grid  element  where  the  electron  resides. 
Since  the  electric  field  accelerates  all  charged  particles, 
our  single  electron  would  accelerate  itself. 

—  Carriers  very  close  to  each  other  are  affected  by  the  same 
electric  field  and  cannot  feel  each  other’s  attracting  or 
repelling  force.  If  the  velocity  and  the  motion  direction  of 
these  carriers  are  only  slightly  different,  they  can  travel 
together  in  the  structure  unless  one  of  them  is  scattered 
by  some  scattering  process. 

—  Another  problem  arises  from  the  small  number  and  non- 
uniform  distribution  of  point  charges:  the  assigned 
charge  density  can  be  very  rough  and  oscillating.  This 
leads  to  numerical  instabilities  in  the  solution  of  the 
Poisson  equation,  slowing  down  to  its  convergence. 

In  our  approach  these  problems  are  inherently  avoided, 
since  the  potential  component  originating  from  the  point 
charges  is  a  derived  quantity,  see  eq.  (2.10)  and  the  com¬ 
ponent  describing  the  effect  of  boundary  conditions  is  given 
a  priori.  The  sum  of  these  potential  components  gives  the 
total  potential 

<Pir)  =  ^pir)  +  ipmir)  (2.15) 

The  potential  arising  from  the  charges  inside  the  structure 
should  be  evaluated  only  at  the  sides  of  the  examined  struc¬ 
ture  (they  are  needed  for  the  modified  boundary  conditions 
of  the  Laplace  equation).  The  potential  inside  the  structure 

—  if  needed  -  is  calculated  in  the  post  processing  phase  of  the 
simulation  from  charge  positions. 


*  Assuming  that  the  time  step  At  is  small  enough. 

*  Without  charge  assignment  the  required  charge  density  for  the  Poisson 
equation  is  unknown,  so  the  Poisson  equation  cannot  be  solved. 
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The  advantage  of  this  method  is  self-explanatory:  without 
solving  Poisson’s  equation,  which  would  result  in  self- 
accelerating  carriers,  as  shown  earlier,  the  exact  field  (force) 
caused  by  other  point  charges  is  calculated  analytically  for 
all  carrier  positions.  Only  the  field  (force)  stemming  from  the 
boundary  conditions  is  calculated  by  the  numerical  solution 
of  the  Laplace  equation.  Since  the  spatial  distribution  of  the 
Laplace  potential  is  smooth  enough,  this  field  (force)  com¬ 
ponent  can  be  calculated  quite  accurately. 

2.3.3.  Boundary  conditions  and  carrier  behaviour  at  the 
boundaries.  Since  in  the  outlined  methods  for  the  potential 
and  field  distribution  calculations  analytical  and  numerical 
methods  are  mixed,  some  new  problems  have  arisen,  not 
existing  in  conventional  simulators  using  pure  numerical 
methods.  Although  the  boundary  problems  can  be  separat¬ 
ed  (boundary  conditions  for  the  potential  and  for  handling 
of  carriers  leaving  the  structure  at  the  boundaries),  these 
two  parts  cannot  be  treated  independently  because  they  are 
inherently  connected. 

The  shape  of  the  examined  structure  is  a  rectangular 
octaeder.  Depending  upon  the  structure  to  be  analysed,  the 
treatment  of  the  six  boundary  sides  should  be  different. 

For  some  boundaries,  artificial  boundary  conditions  are 
used.  These  appear  always  for  two  opposite  sides  of  the 
structure,  and  are  similar  to  a  periodic  boundary  condition. 
For  such  boundary  planes  the  potential  is  averaged  in  the 
direction  perpendicular  to  the  examined  plane,  and  the  aver¬ 
aged  potential  is  applied  as  a  Dirichlet  boundary  condition, 
for  example,  for  the  y-direction 

0,  z)  =  W,  z)  =  (2.16) 

If  a  particle  leaves  the  structure  at  a  boundary,  it  will  return 
in  the  opposite  side,  i.e.  if  the  calculated  position  co¬ 
ordinate  is  outside  the  structure  at  a  point 

Po{x,  y,z)  y>W  (2.17a) 

the  particle  will  be  placed  to  a  new  position  of 

P'o{x,W-y,z)  (2.17b) 

For  pn  junction  structures  (Fig.  2). 

(a)  artificial  boundary  conditions  are  applied  for  the 
X  —  z  planes  at  y  =  0  and  at  y  =  IF  and  for  the  y  —  z  planes 
at  X  =  0  and  at  x  =  L. 

(b)  Dirichlet  boundary  conditions  are  applied  for  the 

X  —  y  planes  at  x  =  0,  assuming  a  potential  of  0  and  at 
z  =  D,  assuming  a  potential  of  .  The  widths  of 

the  p  and  n  depleted  regions  (Wp  and  w„)  are  determined  by 
classical  means.  Let  the  metallurgical  junction  be  at  position 
Wj  (on  Fig.  2  the  l.h.s  of  the  structure  is  the  n-side).  At  the 
beginning  of  each  simulation  step  electrons  are  injected  in 
the  regions 

0<z<wj-w„  (2.18) 

and  holes  are  injected  in  the  (r.h.s.)  region 

L  —  (wj  -t-  Wp)  <  z  <  L  (2.19) 

to  maintain  charge  neutrality  (i.e.  the  total  charge  of  carriers 
in  these  regions  should  be  equal  to  the  total  net  charge  of 
dopant  ions). 


Fig.  2.  pn  junction  structure. 

For  MOS  structures  (Fig.  3) 

(a)  artificial  boundary  conditions  are  applied  for  the 

—  X  —  z  planes  at  y  =  0  and  at  y  =  IF. 

(b)  Dirichlet  boundary  conditions  are  applied  for  the 

—  y  —  z  planes  at  x  =  0  assuming  zero  potential  in  the  non- 
depleted  source  region,  and  a  potential  calculated  by 
classical  means  in  the  depleted  source  and  bulk  region, 
and 

—  y  —  z  planes  at  x  =  L  assuming  a  potential  C/^s  in  1^6 
non-depleted  source  region,  and  a  potential  calculated  by 
classical  means  in  the  depleted  source  and  bulk  region, 
and  for 

—  X  —  y  planes  at  z  =  D,  assuming  a  potential  ■ 

At  the  beginning  of  each  simulation  step,  carriers  are 
injected  into  predefined  source,  drain  and  bulk  neutral 
regions  in  order  to  maintain  charge  neutrality. 

(c)  Partly  Dirichlet-,  partly  Neumann  boundary  condi¬ 
tions  are  used  on  the  top  of  the  structure  (at  z  =  0). 

For  the  source  and  drain  regions  a  Dirichlet  boundary 
condition  is  used  with  potentials  calculated  by  classical 
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means,  and  Neumann  boundary  condition  is  used  for  the 
part  of  the  Si-SiOj  interface,  which  is  under  the  gate  elec¬ 
trode 

£sj  grad  il/(r  +  0) '  n  =  Eq^  grad  \l/{r  —  0)  •  «  (2.20) 

Carriers  reaching  or  passing  through  the  Si-Si02  interface 
are  either  surface  scattered  or  lost  by  tunnelling  into  the 
oxide  layer. 

2.4.  Scattering  processes 

The  following  scattering  effects  are  taken  into  consideration: 

—  Coulomb  scattering  (ionised  impurity  scattering,  scat¬ 
tering  on  charged  interface  states  and  carrier-carrier 
scatterings); 

—  Lattice  scattering  and  intervalley  scattering; 

—  Surface  scattering. 

It  is  important  to  note  that  the  majority  of  the  scattering 
events  is  deterministic  (according  to  our  experiences,  more 
than  90%),  therefore  the  method  can  be  considered  as  a 
strongly  deterministic  simulation  method. 

2.4.1.  Coulomb  scattering.  Since  for  each  charged  particle 
the  exact  electric  field  is  analytically  determined  (only  the 
field  of  the  relatively  smooth  Laplace  potential  is  evaluated 
by  numerical  differentiation),  the  charged  particle  inter¬ 
actions  are  inherently  accounted  for.  This  results  in  the 
exact  evaluation  of  all  Coulomb  scatterings  (ionised  impu¬ 
rity  scattering,  scattering  on  charged  interface  states  and 
carrier-carrier  scatterings). 

2.4.2.  Lattice  scattering  and  intervalley  scattering.  The 
interactions  between  the  carriers  and  the  lattice  are 
described  by  Bragg  scattering:  If  a  carrier  leaves  the  bound¬ 
ary  of  the  first  Brillouin  zone,  then  it  is  scattered  back  inside 
the  first  Brillouin  zone. 

In  2D  electron  gas  layers  (e.g.  in  the  inversion  layer  of 
MOS  structures  (f-  and  g-phonon  intervalley  scattering  is 
taken  into  consideration.  This  model  is  completed  with  a 
corresponding  carrier-lattice  energy  exchange  model  and 
with  an  energy  transport  model  in  the  crystal  lattice  [4].  In 
the  bulk  region  scatterings  are  modelled  quite  simply:  a 
thermodynamic  approach  is  applied^®. 

2.4.3.  Surface  scattering.  For  surface  scattering  at  the  Si- 
Si02  interface,  which  is  important  for  MOS  structures,  three 
different  phenomena  are  taken  into  consideration : 

—  the  Coulomb  scattering  on  charged  interface  states  (see 
Coulomb  scattering), 

—  elastic  surface  scattering,  if  a  carrier  reaches  the  Si-SiOz 
interface, 

—  specular  surface  scattering,  if  a  carrier  reaches  the  Si- 
SiOj  interface. 

The  ratio  between  the  elastic  and  specular  surface  scat¬ 
tering  is  controlled  by  the  Fuchs  parameter  [5]  and  selected 
by  uniformly  distributed  random  numbers.  In  case  of  specu¬ 
lar  scattering  a  new  electron  wave  vector  is  generated  with 


An  electron  corresponds  to  that  ellipsoid,  where  it  has  minimal  energy. 
Hence,  an  intervalley  scattering  occurs  for  an  electron  of  the  ith  ellipsoid 
if  the  distance  in  the  fc-space  between  the  end  of  the  actual  wave  vector 
and  the  centre  of  the  ith  ellipsoid  is  larger  than  the  distance  between  the 
end  of  the  actual  wave  vector  and  the  centre  of  the  fth  ellipsoid.  If  this  is 
the  case,  the  electron  leaves  the  ith  ellipsoid  and  will  be  associated  with 
the  jth  ellipsoid  in  the  future.  This  approach  assumes  that  only  the  energy 
is  changed,  the  ft-vector  is  conserved. 


random  components,  this  is  the  only  non-deterministic 
model  in  the  method. 


2.5.  Generation-recombination  processes 
The  generation  recombination  through  recombination 
centres  (SRH  generation  recombination)  can  be  neglected, 
since  the  probability  of  such  events  during  a  reasonable 
simulated  time  is  far  below  1. 

Under  certain  circumstances  (e.g.  when  an  a  particle  tran¬ 
sition  or  in  the  inversion  layer  of  MOS  transistors),  the 
impact  ionisation  and  its  reverse  process,  the  Auger  recom¬ 
bination  must  be  taken  into  consideration.  These  play 
increasingly  important  role  in  modern  mesoscopic  semicon¬ 
ductor  devices. 

2.5.1.  Impact  ionisation.  Impact  ionisation  happens  if  the 

kinetic  energy  of  a  carrier  grows  over  a  threshold  energy  (for 
silicon  the  impact  ionisation  threshold  energy  is  assumed  to 
be  Wjh  =  1.31  eV  according  [6]).  When  a  carrier  has  an 
energy  of  IF  >  ,  a  new  electron-hole  pair  is  generated.  It 

is  assumed,  that  the  ionising  particle  loses  its  whole  kinetic 
energy,  and  an  energy  equal  to  the  band  gap  energy  Wq  is 
transferred  to  the  lattice. 

The  momentum  and  energy  conservation  yield  the  condi¬ 
tions 

w{o.a.  =  Ko  -  =  w;  +  w;  (2.21) 

Plolal  “  PeO  ~  Pe  Pb  (2.22) 

where  the  momentum  of  the  ionising  electron  is  p^o,  the 
kinetic  energy  of  the  generated  electron  and  hole  are  and 
W^,  the  momentum  of  the  generated  electron  and  hole  are 
Pe  and  pi, ,  respectively. 

2.5.2.  Auger  recombintion.  For  the  Auger  recombination  a 
phenomenological  approach  is  used,  based  on  the  scattering 
cross  section  concept. 

The  Auger-recombination  rate,  according  to  [7],  is  given 
by 

R  =  Bn^p  (2.23) 

where  B  is  the  Auger  recombination  coefficient  (theoretical 
value  3.5  \0~*^m^/s,  experimental  value  2.8  10““^^  m®/s).  If 

Bn^  At  >  1  (2.24) 

then  one  recombination  event  takes  place  in  an  elementary 
volume  of  1/p.  Assuming  n>  p  and  a  quasi-uniform  carrier 
distribution,  the  upper  limit  for  the  distance  between  a  hole 
and  the  nearest  electron  is 


s/l.j 

2  "  2 


(2.25) 


where  d„  is  the  distance  between  the  electrons. 

In  our  approach  a  recombination  event  occurs,  when  the 
distance  sinks  below  this  limit,  yielding  the  critical  distance 
between  one  electron  and  one  hole 


(B  Atyi^ 


(2.26) 


For  a  time  step  of  At  =  2.5  x  10  ^^s  a  critical  distance  of 
djh  =  115  1.76  10~^°m  is  obtained. 
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3.  The  ionization  process  of  a  particles 

The  ionization  process  is  caused  by  an  a  particle  passing 
through  the  depleted  region  of  a  semiconductor  device  (e.g. 
a  reverse  biased  pn-junction). 

3.1.  The  a  particle 

An  a  particle  is  a  double  ionised  He  ion,  created  by  the 
process 

zY”' (3.1) 

where  z  is  the  atomic  number,  m  is  the  atomic  weight  and  Y 
is  an  arbitrary  element. 

The  initial  velocity  of  an  a  particle  is  [8] 

t;o  =  1.5  •••  2  X  lO’m/s  (3.2) 

The  initial  energy  of  the  a  particle  is  given  by“ 

F  ^^0 

!=»0.75  1.4  X  10-12  vAs 

«4.6  •  •  ■  8.8MeV  (3.3) 

3.2.  Interaction  with  the  Si  lattice 

In  the  lattice  of  Si  the  minimal  distance  between  the  Si 
lattice  ions  is  given  by 

^min  =  ^«0.378nm  (3.4) 

The  path  of  an  a  particle,  which  enters  the  structure  at  a 
point  i'o(xo,  yo>  Zo)  and  leaves  at  the  point  ri(xi,  yj,  Zj),  is 
given  by  12 

r(t)  =  ro  +  t  •  (ri  -  Tq)  (3.5) 

The  t  parameters  is  zero  at  the  entry  point  and  one  at  the 
point  where  the  a  particle  leaves  the  structure. 

The  transit  time  of  the  particle  (taking  into  consideration 
that  the  penetration  depth  of  the  a  particle  in  Si  is  much 
greater  than  the  path  of  the  particle  through  the  structure)  is 
given  by 

T  =  — 1.25  2.9  X  10-i‘is  (3.6) 

Vo 


an  adequate  assumption  is  that  the  energy  and  momentum 
of  the  created  electron  and  hole  should  have  an  average 
equal  to  the  thermal  equilibrium  values. 

4.  Results  and  discussion 

For  the  effect  of  a  particles  in  semiconductor  devices  a 
reverse  biased  pn-junction  structure  has  been  studied  with 
our  simulation  method. 

4.1.  The  simulated  structure 

The  simulated  structure  is  the  same,  as  the  structure  given 
on  Fig.  2.  The  pn  junction  formed  on  <100>  oriented  p-type 
Si  substrat  has  been  examined.  The  homogeneous  acceptor 
doping  concentration  was  =  2  x  1022m“2.  xhe  length 
of  the  structure  was  L  =  358  nm,  the  width  W  =  250  nm  and 
the  depth  D  =  300  nm.  We  assumed  a  Gaussian  donor 
doping  profile,  with  an  initial  donor  concentration  Nj^qO  = 
2xl022m-2atx  =  0,  and  a  diffusion  depth  of  1  =  50 nm. 
The  metallurgical  junction  was  at  Xj  =  52.2  nm. 

4.2.  Operating  point  and  the  a  particle 

The  diode  has  been  reverse  biased  by  — 10  V.  The  response 
of  this  structure  to  a  single  a.  particle  was  simulated.  The 
velocity  of  the  incident  a  particle  was  15  x  10®  m/s  (4.7  MeV 
energy).  The  particle  entered  the  structure  at  the  time  to  at 
position  Xq  =  0.5  L,  y^  =  0,  Zq  =  0.25  D,  and  left  the  struc¬ 
ture  0.0197  ps  later  at  point  Xj  =  0.75  L,  =  W,  =  0.75 
D. 

4.3.  Simulation  results 

The  above  described  structure  was  studied  by  the  Micro- 
MOS  3D  particle  dynamics  Monte  Carlo  simulation 
program  on  a  DEC  AXP  workstation.  Here  we  present 
some  simulation  results. 

Figure  4  shows  the  number  of  electrons  and  holes  vs. 
time. 

Figure  5  shows  the  carrier  distribution  in  the  structure 
just  at  the  time  instant  when  the  a  particle  entered,  and  in 
seven  subsequent  time  instants.  Along  the  path  of  the  a  par¬ 
ticle,  in  its  very  narrow  neighbourhood  a  dense  electron- 
hole  plasma  is  formed.  The  maximal  local  carrier 
concentrations  has  been  found  as  high  as  5.56  x  102®m-2. 


When  an  a  particle  approaches  Si  nuclei  for  a  distance  less 
or  equal  to  d^iJ2,  the  a  particle  in  question  is  scattered  and 
an  electron-hole  pair  is  generated.  The  number  of  the 
created  electron-hole  pairs  is  given  by 


(3.7) 


In  a  structure  having  characteristic  dimensions  of 
L  =  250  nm,  the  electron-hole  pair  generation  induced  by  a 
single  a  particle  takes  place  1000-1800  times,  depending 
upon  the  direction  of  the  particle. 

Since  the  scattering  of  an  a  particle  on  a  Si  nucleus  is 
elastic,  only  a  very  small  part  of  the  particle  energy  and 
momentum  is  used  to  create  electron-hole  pairs.  Therefore 


the  a  particle 


The  mass  of  the  a  particle  is  4.00390  times  of  the  proton  mass.  Using  the 


value  of  m„ 


1836.1388  triQ  yields  m,  =  6.697  x  10^’ kg. 


t  [ps] 


'  For  simplicity,  the  path  of  the  particle  is  assumed  to  be  a  straight  line.  Fig.  4.  The  number  of  electrons  and  holes  i 
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\ 


t  =  0 


t  =  0.01  ps  t  =  0.07  ps 


t  =  0.02  ps 

Fig.  5.  Carrier  distribution  in  the  structure  before,  during  and  after  the  a 
particle  ionisation  process.  The  dots  represent  the  electrons,  while  □  the 
holes. 


t  =  0.22  ps 


t  =  0.03  ps 


It  can  be  observed,  that  during  the  transition,  and  later  for  a 
time  approx.  0.1  ps  the  very  strong  Auger  recombination 
uses  up  a  sufficient  part  of  the  generated  carriers  (in  our 
example  from  the  generated  648  pairs  about  590  pairs  are 
consumed  by  Auger  recombination  during  a  time  of 
10"^^s).  However,  the  remaining  part  of  the  generated 
electron-hole  pairs  is  sufficient  to  initialise  an  avalanche 
effect  in  the  depleted  region  by  impact  ionisation.  This  can 


be  also  observed  on  the  Fig.  4:  the  spike  near  the  beginning 
of  the  simulation  corresponds  to  the  formation  of  the 
electron-hole  plasma  and  later  the  increased  number  of  car¬ 
riers  corresponds  to  the  increased  reverse  current  due  to  the 
avalanche  mechanism. 

4.4.  Conclusions 

(1)  Comparing  our  results  to  the  results  published  at  the 
same  time  for  a  nearby  similar  problem  presented  by 
Moglestue  et  al.  [9],  it  can  be  observed  that  the  maximal 
plasma  density  given  by  the  two  methods  are  in  an  accept¬ 
able  agreement,  but  we  do  not  agree  with  the  statement  in 
[9]  that  “The  kinetic  energy  ...  is  insufficient  to  cause 
further  impact  ionisation  . . .”.  The  method  described  in  [9] 
is  two  dimensional  and  is  based  on  charge  assignment  and 
on  the  solution  of  the  Poisson  equation,  therefore  an  aver¬ 
aged  field  aets  on  the  carriers.  Our  method  considers  the 
very  chaotic  local  field  acting  to  carriers,  therefore  the  car¬ 
riers’  energy  gained  from  the  field  may  reach  to  such  a  high 
level,  which  is  enough  for  a  quite  strong  impact  ionisation. 

(2)  It  has  been  demonstrated,  that  our  method  is  a  suc¬ 
cessful  tool  for  studying  and  better  understanding  various 
phenomena  in  semiconductor  structures,  giving  insight  into 
the  details  of  different  processes  and  their  time 
dependence‘s. 
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Abstract 

A  novel  semiconductor  charge  carrier  mobility  model  obtained  by  Kohler’s 
variational  method  for  Boltzmann  transport  equation  solution  is  presented. 
Acoustic  phonon  scattering,  ionized  impurity  scattering,  and  carrier-carrier 
scattering  are  taken  into  account.  Majority  electron  and  hole  mobilities  in 
n-  and  p-type  silicon  versus  impurity  and  carrier  concentration,  and  tem¬ 
perature  are  calculated  and  compared  with  published  experimental  data. 


1.  Introduction 

If  the  momentum  exchange  between  electrons  and  holes  due 
to  electron-hole  scattering  (EHS),  i.e.  the  carrier  drag  effect 
[1]  is  taken  into  account  Van  Roosbroeck’s  drift-diffusion 
transport  equations  [2]  have  to  be  extended  with  cross 
terms.  Thus,  for  isothermal  case  [3] 

Je  =  +  kg  V«a  (1) 

Jh  =  Vtifc  -  /caT/iM  Vrt^  (2) 

Here  the  electron  and  hole  mobility-type  transport  coeffi¬ 
cients  influenced  by  EHS  differ  from  mobilities  in  the  com¬ 
monly  used  Van  Roosbroeck  transport  equations. 
Transport  coefficients  and  may  be  considered  as  drift 
mobilities  of  electron  and  holes,  respectively.  Coefficients 
and  may  be  named  as  “diffusion  mobilities”  when 
and  ^^3  are  “drag  mobilities”.  In  case  of  negligible  EHS 
effect  =0,  =  fieo,  and  =  n^2  = 

where  and  are  mobilities  not  influenced  by  EHS.  As 
result,  eqs  (1),  (2)  coincide  with  Van  Roosbroeck’s  equations, 
where  mobilities  and  diffusion  coefficients  are  interrelated 
by  Einstein’s  relationship. 

Drift  mobilities  and  fXgi  may  be  represented  as  linear 

combinations  of  diffusion  and  drag  mobilities : 

-  Hh 

/^el  —  t^e2  ~~  f^h3  —  ~  f^e3  ’ 

flhl  —  ~  IJe3  —  f^h2  (3) 

This  choice  of  independent  mobilities  may  be  supported 
also  by  thermodynamical  argumentation.  For  that,  substi¬ 
tuting  (3)  into  (1),  (2)  we  obtain  carrier  transport  equations 
in  the  form  derived  from  principles  of  irreversible  thermody¬ 
namics  [4,  5] : 

Je  =  -  trJ-Vcl),)  (4) 

•//.=  -M-V</>e)  +  a*(-V</.,)  (5) 


where  the  quasi-Fermi  potential  gradients  are 

-V0,=  -V./.-^--Vn, 
q  nn 

and  the  conductivity-type  transport  coefficients  are 

=  qr^e  /^e2  >  <^h  =  q^^h  > 

and 

<^he  =  qnetJ'h3 

Non-zero  quantities  tJeh  have  been  arised  from 

EHS  effect  and  are  introducing  direct  coupling  between  the 
electron  and  hole  currents.  In  accordance  with  Onsager’s 
relationship  <7^^  =  Ohe- 

In  general,  the  transport  coefficients  cr^,  (t^,  and  a^e 
are  tensors  of  rank  2.  However,  for  crystals  of  cubic  sym¬ 
metry  these  tensors  can  be  transformed  into  diagonal  form 
with  identical  components,  and  therefore  can  be  considered 
as  scalar  quantities.  This  is  valid  for  mobilities  A<ei  3  and 
fihi ...  3  as  well. 

To  use  transport  eqs  (1),  (2)  or  (4),  (5)  for  semiconductor 
simulation  purposes  the  relevant  transport  coefficients  have 
to  be  specified.  In  Section  2,  we  represent  a  method  of  mobi¬ 
lities  calculation  based  on  the  Kohler’s  variational  principle 
[6,  7].  In  Section  3,  a  comparison  of  calculated  and  mea¬ 
sured  mobility  values  is  presented. 


2.  Mobility  model 


Kohler’s  variational  method  for  Boltzmann  transport  equa¬ 
tion  (BTE)  solution  enables  the  inclusion  of  all  essential 
scattering  mechanisms  without  any  relaxation  time  assump¬ 
tion.  In  this  paper,  the  following  scattering  mechanisms  will 
be  considered : 

—  longitudinal  acoustic  phonon  scattering,  i.e.  the  ordinary 
lattice  scattering  for  electrons  (ELS)  and  holes  (HLS); 

—  ionized  impurity  scattering  for  electrons  (EIS)  and  holes 
(HIS); 

—  electron-electron  (EES)  and  hole-hole  scattering  (HHS); 

—  electron-hole  (EHS)  and  hole-electron  scattering  (HES). 
Mobilities  in  eqs  (1)  and  (2)  obtained  using  Kohler’s 

method  can  be  written  as  [8]  for  electrons 


1 

I  ^  I  r  =  0 


(r  +  3/2)! 
(3/2)! 


A<z"42.1 
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i/N)  _  _3. _ 1_  y  (>*  +  3/2) ! 

m,  IGUfo  (3/2)! 


_  ,AN)  _  Hh  ,,(N) 

hel  —  f^el  ^  A*e3 


and  for  holes 


JlN)  -  _3. _ L  y  +  3/2)1 

m,  |G|,fo  (3/2)1 

„(w  _  3. _ L  y  +  3/2)1 

^*3  -  ...  1^1  Zw  ^2r  +  2,  1 


m,  IGUt-0  (3/2) 


where  the  sign  '  denotes  transposition.  and  Rf,  ^  are 
certain  scalar  quantities  depending  on  electron  and  hole 
quasi-Fermi  potential  gradients. 

The  determinant  ^^§+2  i  is  a  minor  of  the  determinant 

a  * 


obtained  by  omitting  the  (2r  -|-  2)th  row  and  the  1st 


column,  without  giving  the  sign  (— 

Whereas  the  first  column  of  I D*®*  I  is  always  omitted  by 

I  a  I 


minor  calculation  quantities  R^  ^  and  R^  ^  do  not  occur  in 
mobility  calculations. 

To  facilitate  calculations  all  determinant  elements  are 
scaled  down  by  the  factor 


Here,  z!  =  r(z  -f  1)  =  zr(z)  and  N  =  0,  1,  2, ...,  oo  is  the 
BTE  variational  solution  approximation  order.  Quantities 
m*,  ml  are  the  relative  effective  masses  of  electrons  and 
holes,  respectively. 

Determinants  A!j^*+2  i>  ^>+3  1  ^i^d  |G|  can  be  derived 
from  determinants  introduced  by  Meyer  [9]. 

However,  the  major  importance  in  mobility  calculations  has 
determinant  |  G 1 ,  which  elements  contain  all  necessary 
information  on  scattering  parameters : 


A  00 

^  00 

^  ON 

♦  pe/i 

^  ON 

A  00 

♦ph/l 
^  00 

.  .  .  ♦pAe 

^  ON 

♦pA/i 
^  ON 

* 

G  \ 

* 

*  NO 

♦  pe/i 
^  NO 

.  .  .  ♦pec 

*  NN 

♦  pefc 
^  NN 

^  NO 

^  NO 

.  .  .  ♦pAe 
^  NN 

*Thh 
^  NN 

Elements  in  the  principal  diagonals  of  2  x  2  sub-blocks  in 
I G I  are  sums  of  terms  created  by  certain  scattering  mecha¬ 
nism  including  carrier-carrier  scattering  effects : 

*r“  =  +  *d^rr  +  *d^rr  +  *9rs\ 

_  ieJh-ac  .  *Ah-i  ,  i 

rs  ^rs  '  ^rs  '  ^rs  ~  5?rs 

EHS  and  HES  give  two  types  of  scattering  terms  in  |  G  | 
elements.  Terms  enter  into  the  principal  diagonal  ele¬ 
ments  of  sub-blocks.  The  off-diagonal  elements  of  sub¬ 
blocks  contain  only  terms,  which  are  responsible  for 
carrier  drag  effect  description: 

_  *Le-h  *rhe  _ 

^  rs  '^rs  5  ^  rs 

If  EHS  and  HES  are  negligible,  then  =  0. 

Determinants  |  |  for  electrons  (a  =  e)  and  holes(a  =  h) 

may  be  regarded  as  bordered  determinants  formed  by  bor¬ 
dering  the  determinant  |  G  |  with  a  prefixed  row  and  column. 
There  is  the  first  row  for  a  =  e 

(0  *Pil^  0  0  •••  0) 


and  for  a  =  h 

(0  0  0  •••0  *0 
and  the  first  column  for  a  =  e 

and  for  a  =  h 

(0  R,.e*Pf^ 


*p'S  -Re,H*Pi^y 


RH,e*m 


dSo“(300  K), 

where  dlQ^{300  K)  is  the  zeroth-order  scattering  element  for 
electron-acoustic  phonon  interactions  at  T  =  300  K 


Je-ac 

“00 


(30OK)-|. 


_ 9^ _ 

m,^(300K)/x,^(300K) 


where  He[][300  K)  is  the  electron-acoustic  phonon  scattering 
mobility  at  T  =  300  K. 

Scaled  scattering  terms  are  marked  by  an  asterisk,  e.g. 

s  dtr‘“^ I ^  dSo“(300  K)^ . 

As  a  consequence,  all  determinant  elements  are 
dimensionless  as  well.  Scaled  terms  for  different  scattering 
mechanisms  are  given  in  Appendix. 

By  Kohler’s  method  mobilities  as  transport  parameters 
can  be  calculated  in  the  zeroth,  first,  second,  and  higher 
approximations: 


u(9>  ll<l)  t.(2) 

t*9t  5  t*at  >  nai  »  ■ 


where  N  is  the  order  of  approximation,  a  is  e  for  electrons 
and  h  for  holes,  and  i  =  1,  2,  3. 

The  case  N  ->■  ck>  corresponds  to  the  exact  solution  of  the 
BTE.  Successive  approximations  for  mobility  and  electrical 
conductivity  show  rapid  convergence  after  the  first  order 
correction  [10].  Often  the  first  and  even  the  zeroth  approx¬ 
imation  provides  practically  acceptable  accuracy  of  the 
results. 


3.  Calculation  of  mobilities 

It  is  of  considerable  interest  to  apply  described  mobility 
model  to  calculate,  first  of  all,  electron  and  hole  mobilities 
in  silicon  versus  impurity  and  carrier  concentration,  and 
temperature.  Obtained  results  are  compared  with  the  experi¬ 
mental  data  from  papers  by  Klaassen  [11],  Dannhauser 
[12],  and  Krausse  [13]. 

To  obtain  results,  presented  below,  for  basic  mobilities 
/i<,2.(300  K),  n^ifiOO  K)  the  Scharfetter-Gummel  [15]  data 
1400  and  480cm^/V‘s  were  used.  The  temperature- 
dependence  exponents  for  these  two  mobilities  —2.285  and 
—2.247  were  taken  by  Klaassen  [11].  All  adjustment  coeffi¬ 
cients  introduced  in  Appendix  were  not  used,  i.e.  the  unit 
values  were  assigned  to  these  parameters.  Electron  and  hole 
effective  masses  temperature  dependences  were  calculated 
accordingly  to  Vankemmel  et  al.  [14],  obtaining,  for 
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instance,  m*  =  1.185  and  =  1.153  at  T  =  300  K.  Calcu¬ 
lations  were  performed  for  zeroth  and  first  approximation 
order. 

Fig.  1  represents  the  majority  electron  mobility  tem¬ 
perature  dependence  for  5  different  donor  doping  levels.  Fig. 
2  gives  the  similar  plot  for  majority  hole  mobility  for  5  dif¬ 
ferent  acceptor  doping  levels.  In  these  calculations  the  low 
injection  level  quasineutral  situation  was  assumed  and 
thereby  nearly  equal  to  doping  majority  carrier  concentra¬ 
tion  was  present.  As  may  be  seen,  a  reasonable  agreement 
between  the  non-adjusted  model  and  experimental  data 
exists,  but  the  need  of  some  model  parameter  adjustment, 
especially  for  electrons,  is  obvious  as  well.  In  the  present 
work  this  adjustment  was  intentionally  avoided  to  reveal 
the  novel  model  behaviour  in  a  more  clear  way.  It  should  be 
noted  that  the  present  model  gives  the  experimentally  veri¬ 
fied  maximum  point  on  mobility  versus  temperature  curves 
at  low  temperatures  and  high  doping  levels. 

Fig.  3  compares  the  calculated  sum  of  electron  and  hole 
mobilities  with  the  well-known  Dannhauser-Krausse 


Fig.  1.  Majority  electron  mobility  versus  temperature  for  different  donor 
doping  concentrations. 

Solid  lines:  model,  order  1 

Dotted  lines:  model,  order  0 

Points:  experimental  data  from  Klaassen’s  paper  [11] 


Fig.  2.  Majority  hole  mobility  versus  temperature  for  different  acceptor 
doping  concentrations. 

Solid  lines:  model,  order  1 

Dotted  lines :  model,  order  0 

Points :  experimental  data  from  Klaassen’s  paper  [11] 


tcw2/0»l 


iseej 
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iTe18  n=p  CoM-3] 


Fig.  3.  Sum  of  electron  and  hole  mobilities  versus  carrier  concentration  for 
low-doped  silicon. 

Solid  line:  model,  order  1 

Dotted  line:  model,  order  0 

Points:  experimental  data  of  Dannhauser-Krausse  [12, 13] 


experimental  data  [12,  13],  describing  summary  mobility 
reduction  in  low-doped  silicon  at  high  carrier  densities.  As 
one  can  see,  the  present  model  without  any  adjustment 
yields  a  good  agreement  with  these  data. 


4.  Conclusions 

Comparison  of  calculated  and  measured  mobility  values  in 
Section  3  proves  that  our  novel  mobility  model  has  a  fairly 
good  exactness  in  wide  range  of  doping  concentration  and 
temperature  in  silicon.  It  is  worth  to  stress  that  mentioned 
calculations  have  been  performed  without  any  parameter 
adjustment.  For  further  improvement  of  the  mobility  model, 
an  adjustment  of  correction  factors  relevant  to  the  shielding 
constants  seem  to  be  appropriate.  The  zeroth  and  first 
approximation  order  mobility  model  is  implemented  in  the 
semiconductor  device  simulator  DYNAMIT,  developed  at 
Tallinn  Technical  University.  An  extension  of  the  model  to 
higher  approximation  order  is  under  development. 
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Appendix 

In  the  following,  effective  isotropic  parabolic  bands  for  both 
electrons  and  holes  are  assumed.  Electron  and  hole  scat¬ 
tering  cross-sections  have  been  used  in  the  first  Bom 
approximation. 


1.  Longitudinal  acoustic  phonon  scattering  terms 

Terms  for  electrons  (a  =  e)  and  holes  (a  =  h)  are 


*dl 


(/•  +  5-F2)!  /t,J300K)/m?(300K)Y 

2!  n^  +  n*  \  K  ) 
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where  may  be  approximated  by  the  lattice  scattering 
mobilities,  measured  in  a  high-purity  semiconductor.  Schar- 
fetter  and  Gummel  [15]  have  suggested  the  values  /i^£,(300 
K)  =  1400  and  |ij£^(300  K)  =  480cmV(V  •  s).  The  quantities 
m*  are  the  relative  (i.e.  dimensionless)  effective  masses  m*  = 
mjmo  of  electrons  or  holes.  Dimensionless  correction 
factors  serve  for  fitting  of  calculated  and  measured 
mobility  values. 

The  temperature  dependence  of  mobilities  is  conven¬ 
tionally  approximated  by 


=  ^az.(300  K)l 


where 

Pos  =  Pro  =  0.  if  r,  s  =  0,  1,  2, . . . 

Ptd^L.)  = 

The  parameter  integral  is  defined  by  the  formula 


\3ook; 

where  =  2.285  and  =  2.247  [11]. 

2.  Ionized  impurity  scattering  terms 

Terms  for  electrons  (a  =  e)  and  holes  (a  =  h)  are 


*C*  =  fl„_;2.565  X  10-^i(m*(300K))i/^(  — 


m*(300  K)V/^ 


300  K 


X|i,,(300K)-^M,,,(e.) 


where  N,-  is  the  total  impurity  concentration  (N,-  = 
+  N^)  in  cm“^  and  the  mobility  is  in  cm^/(V  •  s). 
The  parameter  integrals  M,+s  are  defined  in  [10]  as 


1  1 


J  =  £ 


exp  (— 


X  In  1^1  +  2  -  lOj  dx, 

where  the  dimensionless  parameter 


=  8.810  X  10-2'’ 


and  n„  is  in  cm  2. 


-VY 

11.7/  V300K 


ne  +  riH 


where  the  dimensionless  parameter  which  is  related  to 
the  shielding  constant  of  an  ionic  Coulomb  potential,  is 
determined  by 


52_^  =  h^_,4.405  xl0-2V-MY^ 


where  is  in  cm  “2.  Dimensionless  correction  factors  a^_i 
and  serve  for  fitting  of  calculated  and  measured  mobil¬ 
ity  values. 


4.  Electron-hole  and  hole-electron  scattering  terms 

Here,  the  principal  role  is  playing  the  term 

*0So''  =  ^"’-^1^S*(3OOK), 

Mg  + 

where 

(0) 

M'el!  =  ^  MeL 

The  EHS  parameter  J*'’  introduced  by  Meyer  [9]  may  be 
calculated  as 

r"  =  2.902  X  10-2im*y"(^Y|^)  ' 

T  \-2/Ym?(300K)Y 

-^o.v-cm.s 

where  the  carrier  reduced  mass  is  expressed  as 

m*a  =  M*  =m*  +  mj. 

The  other  gf-terms  are  defined  as  in  [16] : 


*9oo^  —  (  1  *6^00* 


*^01^  =  *9lo^  =  Voo"! 


5  fm 


2  \m*J  J 


3.  Electron-electron  and  hole-hole  scattering  terms 

The  formulas  for  EES  and  HHS  terms  are  similar  to  the 
carrier-ion  scattering  terms  description.  Thus,  for  electrons 
(a  =  e)  and  holes  (a  =  h) 

*d%-‘‘  =  fl,-*  9.070  X  10-22(mJ(300 

/  e  \  - 2/  r  Y  - k)Y^2 

^Vll.7/  UoOKj  V  m?  j 


x/r,^(300K)^^P„(^2_J 

«e  +  «h 


011  -  000  I 


L4  \m*/Jo  \m*J  Jo  \m*/ Joj 

The  fi-terms  are  also  defined  following  [16] : 


*Ue-h  _  *l,h-e  _ 
"00  —  "00  — 


"01  —  "10  — 


^^0OO^ 

m*J 


'Hi. 
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*ue-ii  —  —  _  I  Hh- 

-  ''ll  -  [m* 


*\2 


^*’''[4  2  U?  tnt)  Jo  Jo  ^oJ 


The  parameter  integrals  are  defined  by 
JJid^)=  (*  exp  (— 

2x^\  1 


X  In  + 


5^  J  1+  <5V(2x")J 

exp  (— x^)x^"^' 

2x2 


dx. 


X 


2|l+3)ln(l+ 


—  4  dx, 


The  Fermi  integrals  are  defined  by 


= 


'00 

Jo 


exp  (y  -  >7  J  +  1  ’ 


where  rj^  is  the  reduced  Fermi  energy  for  an  a-type  charge 
carrier. 

For  the  Maxwell-Boltzmann  statistics  the  scaled  terms 
may  be  written  as 

>  Jr  +  3/2) !  m?(300  K)  n,  m,(300  K)7i<°>(300  K) 

"  (3/2)!  m*  n^  +  n,,  q 


They  have  dimensions  of  time  in  seconds. 


References 


where  the  dimensionless  parameter 
52  s  5l_,  =  St,  =  4.405  X  10-2“ 

e  yV  ^  Y"»e  +  n, 

UJ)  \300kJ  m*, 
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Abstract 

Methods  of  decreasing  the  noise  and  increasing  the  computational  effi¬ 
ciency  in  Monte  Carlo  simulations  of  semiconductor  devices  are  investi¬ 
gated.  A  lookup  table  approach  to  the  charge  assignment  to  mesh  points 
has  been  implemented  which  is  independent  of  the  complexity  of  the 
assignment  function.  Using  this  approach  reduces  the  CPU  time  of  the 
charge  assignment  to  about  one  third.  Potential  fluctuations  in  low  field 
regions  are  compared  for  different  assignment  function,  which  shows  the 
advantage  of  using  more  complex  schemes  than  those  generally  used. 
Results  from  a  full  band  Monte  Carlo  simulation  of  a  submicron  Schottky 
diode  are  presented  and  the  values  of  the  current  density  for  different 
assignment  schemes  are  compared,  showing  a  lower  noise  for  the  higher 
order  schemes.  Statistical  enhancements  by  splitting  of  superparticles  in  the 
depletion  region  has  been  investigated.  The  combination  of  a  high  order 
assignment  scheme  and  statistical  enhancement  by  splitting  decreases  simu¬ 
lation  runtimes  considerable  for  a  given  noise  tolerance. 

1.  Introduction 

Monte  Carlo  (MC)  methods  have  become  a  standard  tool 
for  studying  semiconductor  materials  and  devices  [1,  2], 
Recently  several  models  using  realistic  band  structures  have 
been  described  and  applied  to  bulk  material  and  devices  [3, 
4].  An  obvious  limitation  is  the  computational  effort  needed 
to  perform  this  kind  of  simulation.  It  is  therefore  of  interest 
to  find  ways  of  making  the  simulations  more  efficient.  In 
devices  with  low-field  regions  using  MC  methods  in  the 
whole  device  is  inefficient.  Methods  combining  a  drift- 
diffusion  (DD)  simulator  with  MC  have  been  presented  [5, 
6].  Even  though  these  methods  reduce  the  CPU  time,  the 
MC  part  is  still  time  consuming.  MC  simulations  of  nor¬ 
mally  off  MESFET  structures  and  Permeable  Base  Tran¬ 
sistors  (PBT)  demand  accurate  treatment  of  a  Schottky 
contact  under  forward  biasing  using  a  small  number  of 
superparticles.  In  MC  simulations  of  a  submicron  Schottky 
diode  several  problems  are  encountered.  In  the  undepleted 
region  the  field  is  very  low  and  sensitive  to  fluctuations  in 
the  charge  density.  These  fluctuations  depend  on  the 
number  of  particles  and  on  how  the  actual  charge  to  mesh 
assignment  is  done.  Usually  simple  schemes  like  nearest  grid 
point  (NGP)  and  cloud-in-cell  (CIC)  have  been  used  [7].  In 
[7,  8]  the  concept  of  aliasing  is  discussed  extensively  and  it 
is  shown  that  its  effect  on  the  charge  density  can  be  reduced 
by  a  proper  choice  of  assignment  function.  Aliasing  is  well 
known  from  signal  theory  and  several  “window  functions”, 
analogous  to  the  charge  assignment  functions  in  our  case, 
have  been  proposed. 

In  this  paper  we  have  studied  a  submicron  Schottky 
diode  with  a  full  band  MC  method.  Of  course  the  full  band 
approach  is  not  necessary  or  even  preferable  if  one  wants  to 
study  transport  in  this  particular  device  only.  However,  a 


device  such  as  the  PBT  contains  forward-biased  Schottky 
contacts  near  a  region  where  the  electric  field  is  high  and 
consequently  the  use  of  a  full  band  method  would  be  justi¬ 
fied.  The  purpose  of  this  study  is  twofold:  To  examine  how 
reliable  the  results  are  when  a  relatively  small  number  of 
particles  is  used  and  to  study  the  effect  of  using  different 
charge  assignment  schemes. 

The  paper  is  organized  as  follows. 

In  Section  2  the  Monte  Carlo  model  and  the  system  that 
we  study  are  described,  Section  3  gives  results  of  the  study 
of  potential  fluctuations  for  different  assignment  functions 
as  well  as  of  using  different  functions  in  the  same  simulation, 
and  a  description  of  the  lookup  table  approach.  Section  4 
contains  MC  results  for  a  Schottky  diode  with  different 
charge  assignment  functions  and  in  Section  5  we  discuss  a 
possible  way  of  handling  scarcely  populated  “rare”  regions. 
Conclusions  are  given  in  Section  6. 

2.  The  Monte  Carlo  model 

The  MC  program  we  use  is  a  modified  version  of  the  full 
band  MC  program  for  bulk  Si  published  in  [9].  Several 
modifications  have  been  made: 

-  A  major  change  from  a  one-particle  bulk  simulator  to  a 
many-particle  device  simulator. 

-  Improved  time  step  algorithm. 

-  More  accurate  integration  of  the  equations  of  motion. 

-  A  self-consistent  coupling  between  these  equations  and 
Poisson’s  equation. 

The  system  we  use  in  most  of  this  study  is  shown  in  Fig.  1. 
It  is  a  Si  Schottky  diode  with  doping  Nj^  =  10^^  cm”^  and  a 
conduction  band  bending  of  0.025-0.1  V.  The  contact  on  the 
l.h.s.  is  ohmic  via  a  neutral  region.  The  r.h.s.  is  treated  as  an 
absorbing  boundary.  The  neutral  region  is  kept  neutral  by 
uniform  injection  of  electrons  with  a  Fermi-Dirac  distribu¬ 
tion  in  energy.  The  simulations  start  with  an  initial  solution 
close  to  steady  state  with  a  duration  of  about  6  ps.  We  have 
tried  to  keep  the  number  of  simulated  particles  small,  about 
40  particles  per  mesh  cell  have  been  used.  If  we  should  use  a 
mesh  in  two  dimensions  with  e.g.  30  x  30  cells  the  total 
number  of  particles  would  be  about  30  000.  Poisson’s  equa¬ 
tion  is  solved  with  an  interval  of  5fs  using  a  4-5th  order 
Runge-Kutta  method  giving  a  4th  order  truncation  error 
[10].  Tunnelling  across  the  Schottky  barrier  has  been 
included  using  the  WKB  method  [11]. 

3.  Potential  fluctuations  and  the  lookup  table  approach 

In  the  undepleted  region  of  the  Schottky  diode  the  field  is 
very  low,  and  depends  strongly  on  fluctuations  in  the  charge 
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x[cml  2  0  y[cm] 


Fig,  1.  Schottky  diode  structure  used  in  the  simulation.  =  50  mn.  The 
electron  population  shown  is  for  a  band  bending  of  0.1  V. 


density.  The  assignment  of  charge  to  the  mesh  points  is 
done  very  often  since  Poisson’s  equation  is  solved  frequently 
in  order  to  get  a  consistent  simulation  in  time.  Some  of  the 
assignment  functions  being  used  in  MC  simulations  are 
shown  in  Fig.  2,  in  addition  we  also  show  some  more 
complex  ones.  The  nearest  grid  point  (NGP)  and  cloud  in 
cell  (CIC)  have  the  advantage  that  they  are  easy  to  imple¬ 
ment  and  fast  to  perform,  but  if  one  studies  the  effect  of  the 
charge  assignment  on  the  potential  it  is  clear  that  they  can 
cause  problems.  In  Fig  3,  we  show  the  results  from  a  calcu¬ 
lation  where  1000  electrons  have  been  distributed  randomly 
1000  times  over  an  interval  of  1  pm  in  space.  Poisson’s  equa¬ 
tion  was  solved  with  the  potential  equal  to  zero  on  each 
boundary  and  the  maximum  voltage  deviation  was  record¬ 
ed.  The  size  of  the  charge  cloud  is  important  as  can  be  seen 
if  we  compare  TSC  and  HSC  4-points  with  the  correspond¬ 
ing  2-point  schemes.  Clearly  the  triangular  shaped  cloud 
(TSC)  and  the  Hamming  shaped  cloud  (HSC)  functions  give 
less  potential  fluctuations  than  NGP  and  CIC.  The 
Hamming  shaped  cloud  can  be  written  as; 


w(x)  = 


fi 


lo. 


^0.54  —  0.46  cos 


H  H 

~  2  2,  (1) 

elsewhere 


where  H  is  a  normalisation  constant  and  H  is  the  size  of  the 
cloud. 


Fig.  2.  Assignment  functions  used  in  this  paper. 
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Fig.  3.  Histograms  over  potential  fluctuation  using  different  assignments 
functions. 


In  principle  one  could  use  a  scheme  with  different  assign¬ 
ment  functions  in  different  spatial  regions.  In  [7]  the 
concept  of  self  force  is  discussed  at  length.  The  theory  shows 
that  self  force  is  introduced  for  non  uniform  mesh  cells  and 
when  different  assignment  schemes  are  used  in  different 
regions.  However,  in  spite  of  this,  state  of  the  art  simulators 
used  non  uniform  mesh  assignment  [3].  In  Fig.  4,  we 
compare  the  electric  fields  for  uniform  charge  assignment 
and  non  uniform  charge  assignment,  using  different  assign¬ 
ment  functions  in  each  half  of  the  interval.  The  input  data  to 
the  charge  assignment  functions  is  identical.  For  the  cases 
that  we  have  tested  we  can  not  find  any  significant  prob¬ 
lems.  However,  each  case  has  to  be  judged  separately. 

For  more  complex  assignment  schemes  a  lookup  table 
approach  is  convenient  since  the  CPU  time  will  not  depend 
on  the  particular  assignment  function.  It  is  desirable  to 
separate  this  part  from  the  “MC  kernel”  of  the  program. 
Some  advantages  of  this  approach  are: 

(1)  Each  charge  assignment  can  be  performed  using  only 
one  floating  point  operation  and  a  number  of  integer 
operations. 


Fig.  4.  Mean  electric  field  in  a  semiconductor  interval  (iVp  =  10‘®cm“^) 
with  zero  Volt  at  the  boundaries,  (x)  CIC,  (O)  TSC  4-p.  (  +  )  CIC  in  the 
left  half  and  TSC  4-p.  in  the  right  half.  The  self  force  can  be  regarded  as 
much  smaller  than  the  statistical  noise  in  the  electric  field. 
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(2)  The  CPU  time  required  for  a  charge  assignment  is  inde¬ 
pendent  of  the  form  of  the  cloud  as  well  as  of  the 
number  of  boundaries. 

(3)  Several  different  assignment  functions  can  be  used 
without  extra  requirements  in  CPU  time. 

The  charge  assignment  is  based  on  a  technique  similar  to 
that  used  in  [12].  In  our  approach  a  lookup  table  is  divided 
into  two  data  arrays,  one  containing  the  charge  values  to  be 
assigned  and  another  containing  the  relative  index  to  the 
mesh  points  used  in  the  assignment.  We  refer  to  these  arrays 
as  the  assignment  data  array  and  the  control  frame  array. 
We  will  describe  one-dimensional  charge  assignment  but 
extension  to  two  dimensions  is  straightforward.  The  entire 
device  is  divided  into  a  very  fine  particle  position  mesh 
(PPM).  An  absolute  index  to  the  nearest  mesh  point  in  the 
PPM  can  be  calculated  as 

ippm  =  int(r/ppmsize)  -I-  1  (2) 

where  int  means  integer  part,  r  is  the  position  coordinate 
and  ppmsize  is  the  mesh  size  of  the  PPM. 

The  field  mesh  (FM)  used  when  Poisson’s  equation  is 
solved  contains  much  fewer  points  than  the  PPM.  The 
index  to  nearest  FM  point  can  be  calculated  as 

iabs  =  dir(ippm,ppmnum)  -|-  1  (3) 

where  ppmnum  is  the  number  of  PPM  intervals  between 
two  points  in  the  field  mesh  and  div  means  integer  division. 
The  local  index  to  nearest  field  mesh  point  is 

irel  =  mod(ippm,ppmnum)  +  1  (4) 

where  mod  means  modulus. 

The  absolute  index  iabs  is  used  as  a  key  to  a  control  table 
with  indices  to  data  entries  in  the  control  frame  array.  The 
relative  index  irel  is  used  as  an  index  in  the  assignment  data 
array.  Charge  values  are  read  from  the  assignment  data 
array  and  scaled  by  the  superparticle  weight  factor  before 
assignment.  Node  indices  are  calculated  as  iabs  plus  the 
relative  indices  read  from  the  control  frame.  A  pointer 
diagram  describing  the  charge  assignment  can  be  seen  in 
Fig.  5. 

In  a  two-dimensional  mesh  using  an  ordinary  CIC  assign¬ 
ment  scheme  the  assignment  of  N  particles  consists  of  N 
floating  point  operations  and  2*N  integer  operations  plus 
4*N  data  assignments.  The  storage  requirements  for  the 
entire  lookup  table  depends  on  the  number  of  PPM  points 
within  one  field  mesh  cell  and  the  cloud  size.  A  CIC  method 
need  4  data  fields  in  each  charge  assignment  while  a  4-point 


Control  table  (FM)  Control  frames  Assignment  data 


Fig.  5.  Schematic  diagram  over  a  charge  to  mesh  assignment  in  one  dimen¬ 
sion. 


TSC  method  needs  16  data  fields.  The  size  of  the  control 
table  depends  on  the  number  of  field  mesh  points  in  the 
device.  The  number  of  the  control  frames  needed  depends 
strongly  on  the  number  of  boundaries  within  the  device.  A 
two-dimensional  Schottky  diode  with  a  4-point  TSC 
method  needs  25  control  frames.  Both  the  control  table  and 
the  control  frame  are  integer  arrays  with  small  storage 
requirements.  The  large  part  is  the  data  array  which  is  a 
floating  point  array. 

The  implementation  of  the  method  described  reduces  the 
time  needed  to  do  the  charge  assignment  to  about  one  third 
of  the  time  for  a  conventional  scheme. 

4.  Monte  Carlo  results 

We  have  performed  MC  simulations  of  a  Schottky  diode 
described  in  Section  2.  The  potential  distribution  is  shown 
in  Fig.  6.  A  comparison  between  the  values  of  the  current 
density  for  different  assignment  functions  is  shown  in  Fig.  7. 
As  we  can  see,  the  magnitude  of  the  current  does  not 
depend  on  the  assignment  function.  However,  the  noise  in 


Fig.  6.  Potential  in  the  diode  for  a  TSC  4-p.  cloud.  In  the  low  field  region 
we  can  see  potential  fluctuation  due  to  noise  in  the  charge  distribution. 


Fig.  7.  Current  density  obtained  for  different  assignments  functions.  (*) 
NGP,  (x)  CIC,  (-I-)  TSC  4-p.,  (O)  HSC  4-p.  Dashed  lines  -  current  density 
obtained  from  the  thermionic  emission  theory. 
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(rare)  (rare)  (20K)  4-p.  4-p.  4-p.  4-p. 

(rare)  (rare) 

Fig.  8.  Standard  deviation  of  the  absorbed  charge  at  the  Schottky  contact 
for  different  assignment  functions  and  superparticle  densities.  2000  super¬ 
particles  were  used  except  CIC  20K,  which  is  a  simulation  using  the  CIC 
assignment  function  with  20000  superparticles. 

the  charge  absorbed  at  the  Schottky  boundary  shows  a 
strong  dependency  on  the  assignment  function  as  can  be 
seen  in  Fig.  8.  In  Fig.  7  the  MC  result  is  compares  with  the 
thermionic  emission  (t.e.)  theory.  The  MC  simulation  gives 
lower  current  levels  than  the  t.e.  theory.  A  possible  explana¬ 
tion  is  that  the  algorithm  for  interpolating  the  scattering 
rate  at  low  energies  is  not  sufficiently  accurate.  In  [13]  a  Si 
Schottky  diode  has  also  been  simulated  with  an  Ensemble 
Monte  Carlo  method  but  with  a  simplified  band  structure. 
The  current  levels  shown  there  are  also  lower  than  the 
values  predicted  by  t.e.  theory. 

5.  Rare  regions 

Possible  ways  of  improving  the  statistics  in  high  energy 
regions  rarely  visited  by  charge  carriers  were  introduced  and 
applied  to  bulk  material  in  [14].  The  idea  of  “splitting”  the 
particles  when  they  visit  certain  “rare”  regions  has  been 
extended  to  devices  as  well  as  to  regions  in  real  space  [1,  3]. 
In  [15,  16]  an  extension  of  the  method  was  introduced 
where  particles  were  split  in  some  regions  and  put  together 
in  others  so  that  the  total  amount  of  mobile  charge  in  the 
device  did  not  change  with  time.  We  have  followed  the  same 
path  and  implemented  a  rare  region  near  the  Schottky 
contact.  When  an  electron  reaches  the  rare  region  its  weight 
factor  (WF)  is  compared  with  the  weight  factor  of  the  rare 
region.  IF  WF  for  the  electron  is  larger  than  WF  for  the 
rare  region  the  electron  is  split  into  a  subset  of  rare  elec¬ 
trons  with  WF  equal  to  WF  for  the  rare  region.  A  rare  elec¬ 
tron  in  the  normal  region  has  a  WF  less  than  WF  for  the 
normal  region  and  tries  to  find  other  rare  electrons  in  the 
same  situation.  If  such  an  electron  exists  one  of  the  electrons 
absorbs  the  other  and  the  WF  is  updated.  The  critical  part 
of  this  scheme  is  the  absorption  of  electrons  in  the  normal 
region.  In  a  simulation  with  one  dimensional  boundaries  the 
boundary  of  the  rare  region  is  a  single  point  and  the  region 
where  the  absorption  process  takes  place  is  localized  in 
space.  As  a  result  the  perturbation  of  the  field  is  very  small 
and  can  be  neglected.  The  magnitude  of  the  current  is  not 
affected  by  the  introduction  of  a  rare  region.  However,  the 
noise  in  the  absorbed  charge  at  the  Schottky  barrier 
decreases  (Fig.  8).  We  have  only  used  one  rare  region  but  in 
principle  it  is  possible  to  use  an  arbitrary  number.  One  pos¬ 


sible  solution  is  to  assign  a  WF  for  each  mesh  interval  in 
such  a  way  that  the  number  of  carriers  is  constant  through¬ 
out  the  whole  device.  In  the  Schottky  diode  we  did  not  find 
any  significant  reason  to  go  beyond  the  single  rare  region 
approach.  However,  this  method  could  make  it  possible  to 
study  transport  over  larger  barriers. 

6.  Conclusions 

Monte  Carlo  simulation  of  a  Si  Schottky  diode  has  been 
presented.  Different  methods  of  statistical  enhancements 
have  been  discussed.  It  has  been  shown  that  more  complex 
assignment  functions  is  an  effective  way  of  reducing  the 
number  of  particles  needed  in  order  to  reduce  the  noise  in 
MC  quantities.  Simulation  results  shows  that  the  4-point 
Hamming  cloud  using  2000  particles  gives  about  the  same 
noise  as  a  conventional  CIC  with  20000  particles  (Fig.  8).  A 
charge  assignment  method  built  on  a  table  lookup  approach 
has  been  presented  that  can  handle  complex  assignments 
schemes  without  suffering  from  large  CPU  time  require¬ 
ments.  Our  simulations  show  that  using  high  order  assign¬ 
ment  functions  it  is  possible  to  simulate  forward  biased 
diodes  in  2D  structures  like  the  PBT  without  an  excessively 
large  number  of  superparticles.  The  current  density  obtained 
for  the  Schottky  diode  is  smaller  than  what  is  predicted 
from  thermionic  emission  theory.  An  explanation  of  this 
effect  needs  further  investigation.  Statistical  enhancements 
using  a  rare  region  has  been  implemented  and  it  has  been 
shown  that  this  is  one  way  of  increasing  the  resolution  in 
MC  quantities.  However,  we  have  found  that  the  noise  in 
the  absorbed  charge  at  a  Schottky  contact  is  more  sensitive 
to  the  choice  of  assignment  function  in  the  entire  device 
than  on  the  number  of  particles  near  the  absorbing  bound¬ 
ary. 
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Abstract 

Schottky  contacts  using  CoSij  to  both  n-  and  p-type  6H-SiC  were  fabri¬ 
cated.  The  contacts  revealed  good  rectifying  characteristics  after  annealing 
at  700  °C.  Low  leakage  currents  and  exponentially  increasing  currents  over 
at  least  5  decades  were  obtained  in  the  forward  bias  mode.  C-V-  and  I-V- 
measurements  were  used  to  establish  the  Schottky  barrier  heights  for  CoSi^ 
to  6H-SiC,  1.05  +  0.05  eV  and  1.90  ±  0.05  eV  for  n-  and  p-type  respectively. 
Further  annealing  at  900  °C  changed  the  Schottky  barrier  heights  on  both 
n-  and  p-type  significantly. 

1.  Introduction 

Silicon  carbide  has  many  material  properties  that  make  it 
suitable  for  use  in  high  temperature  devices.  An  important 
requirement  is  temperature  stable  electrical  contacts  that 
withstand  temperatures  in  the  excess  of  500  °C.  Refractory 
metal  silicides  have  been  suggested  as  contact  material 
because  of  their  high  temperature  stability,  low  resistivity 
and  compatibility  with  existing  IC-technology  [1,  2].  Cobalt 
disilicide  (CoSij)  fulfils  most  of  the  criteria  mentioned 
above.  Cobalt  is  an  interesting  choice  also  from  a  more  fun¬ 
damental  point  of  view  because  in  the  binary  material 
system  Co-C,  no  cobalt  carbides  are  reported  [3],  Conse¬ 
quently  when  Co  reacts  with  the  Si  in  the  SiC  substrate, 
residual  carbon  will  be  left.  In  metal-semiconductor  junc¬ 
tions  the  Schottky  barrier  height  (SBH)  describes  the  electri¬ 
cal  characteristics  of  the  contact. 

In  this  study  we  investigate  CoSi2  contacts  formed  on  SiC 
after  deposition  of  Si  and  Co  thin  films  on  6H-SiC.  The 
relative  thickness  of  the  deposited  films  resulted  in  a  metal- 
rich  CoSi2  after  annealing.  The  barrier  height  for  the  semi¬ 
conducting  (SiC)/metal  silicide  interface  (mostly  CoSi2  and  a 
fraction  of  CoSi)  was  investigated.  Annealing  at  high  tem¬ 
perature  could  lead  to  a  substrate  reaction;  silicon  from  the 
substrate  reacts  with  CoSi  and  forms  CoSi2  and  free  carbon 
precipitates.  Earlier  studies  of  a  similar  reaction  [4,  5]  have 
revealed  that  residual  carbon  forms  precipitates  0.5  pm  in 
diameter,  homogeneously  distributed  throughout  the  silicide 
with  a  distinct  accumulation  at  the  surface.  Therefore,  two 
Co/Si  films  with  different  compositions  were  deposited  on 
SiC  to  find  out  if  the  carbon  precipitates  influence  the  elec¬ 
trical  behaviour  of  the  Schottky  contacts.  One  with  (Co-Si, 
36-64/SiC),  and  one  with  (Co-Si,  38-62/SiC). 

2.  Experimental 

Highly  doped  single  crystal  substrates  of  both  n-type 
(nitrogen-donors)  and  p-type  (aluminium-acceptors)  6H-SiC, 
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containing  5  pm  thick  low  doped  epitaxial  films,  from  Cree 
Research,  Inc.  were  used.  The  cleaning  sequence  prior  to 
deposition  consisted  of  degreasing  in  organic  solvents,  2  min 
in  a  H2S0^  :  H2O2  (3  : 1)  solution,  rinsing  in  water  for  5  min 
and  blown  dry  to  N2 .  Cobalt  was  evaporated  from  an  e-gun 
heated  source  at  a  rate  of  0.2nm/s  to  a  thickness  of  44  nm. 
Silicon  was  then  evaporated  at  a  rate  of  0.5  nm/s  to  a  thick¬ 
ness  of  127  mn.  The  chamber  was  then  filled  with  nitrogen 
and  quickly  opened,  and  some  samples  were  removed.  After 
a  pump  down  a  second  evaporation  of  Si  was  performed  at 
the  same  rate  as  previously  deposition  until  the  thickness  of 
the  silicon  layer  had  increased  to  145  nm.  This  procedure 
was  done  in  order  to  create  two  depositions  with  the  same 
amount  of  Co  but  with  two  distinct  Si  amounts.  The  base 
pressure  during  all  evaporations  was  6  ■  10“®Pa.  A  stan¬ 
dard  “lift-off”  procedure  was  used  to  obtain  circular  contact 
areas  86  pm  and  173  pm  in  diameter.  All  annealings  were 
performed  in  a  vacuum  furnace  at  a  base  pressure  of 
2  •  10-®  Pa  at  500 °C,  700  °C  and  900  °C,  for  5h,  2h  and  2h, 
respectively.  X-ray  diffraction  (XRD)  measurements  were 
performed  using  a  Cu-Kaj  radiation  source  to  identify  the 
phases  formed.  Determination  of  the  compound  composi¬ 
tion  and  the  depth  profile  was  done  by  Rutherford  Back- 
scattering  Spectrometry  (RBS),  utilising  2.4  MeV  ‘^He^. 
Inspection  of  the  surface  morphology  was  carried  out  by 
15kV  Scanning  Electron  Microscopy  (SEM).  All  electrical 
measurements  were  performed  with  InGa  ohmic  contacts  on 
the  backside.  The  InGa  was  carefully  removed  in  an  ultra¬ 
sonic  ethanol  bath  before  every  subsequent  annealing.  A 
HP-4145A  parameter  analyser  was  used  to  record  the  J-V- 
measurements  and  C-K-measurements  were  performed 
using  a  HP-4280A  1  MHz  C-meter  interfaced  to  a  HP-486/ 
33N  computer.  All  capacitance-voltage  values  correlated  to 
a  straight  line  in  the  1/C^  vs.  applied  voltage  diagrams,  and 
the  regression  coefficient  was  always  at  least  0.9999.  I-V- 
measurements  were  performed  at  temperatures  ranging  from 
280  K  to  475  K. 

3.  Results 

3.1.  SifCo/SiC  solid  state  reactions 

After  annealing  at  500  °C,  XRD  showed  that  peaks  identi¬ 
fied  as  CoSi  {d  =  3.13  A)  and  CoSi2  (d  =  1.90  A,  1.62  A  and 
1.09  A)  developed.  No  Co  or  Co2Si  peaks  were  detected. 
Further  annealing  at  700  °C  and  900  °C  did  not  change  the 
spectra  significantly.  Some  of  the  peaks  from  CoSi  decreased 
in  intensity  whereas  peaks  from  CoSi2  grew  stronger. 

Characterisation  of  the  two  depositions  was  done  by 
RBS.  Both  the  Co  and  the  Si  signals  were  clearly  separated 
from  the  substrate  signal  and  hence  the  layer  thicknesses 
could  be  determined  with  good  accuracy.  The  two  deposi¬ 
tions  resulted  in  Co-Si  (36-64)  and  Co-Si  (38-62)  films. 
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Heat  treatment  at  500  °C  leads  to  formation  of  CoSi2. 
Examination  of  the  Co-Si  (38-62)  film  reveals  the  Co  con¬ 
centration  to  decrease  from  38  atomic  percent  at  the 
SiC/CoSij  interface  to  34  atomic  percent  at  the  surface.  This 
observation  leads  to  two  conclusions;  CoSi  is  present  in  the 
silicide  film  and  the  intermixing  of  Co  and  Si  is  not  com¬ 
plete.  Annealing  at  700  °C  does  not  further  distribute  the 
two  elements.  Annealing  at  900  °C  completed  the  inter¬ 
mixing  of  Co  and  Si  in  the  silicide.  Figure  1  displays  two 
plateaus  for  the  Si  signals  revealing  a  difference  in  average 
stoichiometry  for  the  contacts  which  indicates  no  reaction 
with  the  substrate. 

SEM  micrographs  of  the  surface  after  annealing  at  500  °C 
and  700  °C  displayed  a  homogeneous  surface.  However, 
after  annealing  at  900  °C  precipitates  0.3  pm  in  diameter 
occur  at  the  surface.  The  density  of  precipitates  per  unit 
area  was  larger  on  the  Co-Si  (38-62)  film  compared  to  the 
Co-Si  (36-64)  film.  The  appearance  of  the  precipitates  could 
be  evidence  of  a  slight  substrate  reaction. 

The  result  of  the  different  materials  analysis  can  be  sum¬ 
marised  as  follows.  Annealing  at  500  °C  for  5  h  formed  CoSi 
and  CoSi2  [6].  (All  Co  was  consumed  and  no  substrate 
reaction  occurred.)  After  annealing  at  700  °C  no  evidence  of 
substrate  reaction  could  be  found.  Slight  substrate  reaction 
might  have  occurred  during  the  900  °C  anneal  but  remain¬ 
ing  traces  of  CoSi  in  the  film  reveal  a  non-complete  CoSi2 
formation. 


Fig.  1.  RBS-spectra  of  the  Schottky  contacts  revealing  the  difference  in 
composition  between  the  two  depositions  after  annealing  at  900  °C.  The 
lower  Co  signal  and  the  higher  Si  signal  belongs  to  the  Co-Si  (36-64)  film. 
The  arrows  correspond  to  the  surface  positions  of  the  elements  and  the 
inset  depicts  the  sample  configuration  during  analysis. 


3.2.  Electrical  characteristics  of  n-type  rectifying  contacts 
In  a  Schottky  rectifier  fabricated  on  a  semiconductor  with 
low  carrier  concentration,  current  components  resulting 
from  field  emission  and  tunnelling  are  of  minor  importance 
and  can  be  neglected.  The  only  significant  current  contribu¬ 
tion  is  thermionic  emission  where  electrons  transport  over 
the  potential  barrier  into  the  metal.  Thus,  the  current 
density  across  the  interface  under  the  application  of  bias 
voltage  is  given  by  [7] 

j  =  -  1)  (1) 

where 

Jo  =  (2) 

B  =  71.8  A/cm^/K^  is  the  effective  Richardson  constant  for 
6H-SiC,  08  is  the  Schottky-barrier  height  in  SiC,  and  r\  is 
the  ideality  factor.  The  log  J  vs.  forward  voltage  character¬ 
istics  for  the  two  different  film  compositions  exhibited  some 
changes  in  the  diode  characteristics  after  the  three  anneal¬ 
ings.  After  500  °C,  distinct  difference  between  the  two  com¬ 
positions  appears  in  the  characteristics,  which  decreases 
after  the  two  following  annealings.  After  the  500  °C  anneal¬ 
ing  the  SBH  for  the  Co-Si  (36-64)  contact  has  its  highest 
value,  1.01  eV,  and  then  decreases  after  annealing  at  higher 
temperatures  as  can  be  seen  in  Table  I.  It  reaches  its  lowest 
value,  0.52  eV,  after  annealing  at  900  °C.  The  ideality  factor 
ri  remains  almost  constant  at  1.2  after  the  heat  treatments 
although  slightly  lower  slope  of  the  curves  annealed  at 
900  °C  reveals  an  increased  ideality  factor.  The  lower  slope 
seen  after  the  highest  annealing  temperature  can  be  inter¬ 
preted  as  an  increased  recombination  current,  in  the  deple¬ 
tion  region  of  the  contact.  Forward  characteristics  of  the 
Co-Si  (36-64)  contact  after  annealing  at  500  °C  as  a  func¬ 
tion  of  temperature  can  be  seen  in  Fig.  2.  Good  behaviour 
over  at  least  6  decades  are  demonstrated  with  the  ideality 
factor  always  lower  than  1.2  in  the  linear  region.  After 
annealing  at  700  °C,  the  ideality  factor  decreases  and  the 
SBH  increases  at  higher  operating  temperatures.  At  475  K 
the  contact  displays  almost  ideal  characteristics  with  the 
ideality  factor  as  low  as  1.06. 

At  5  V  reverse  bias  the  current  density  for  the  Co-Si  (36- 
64)  contact  was  2.1  •  10“’A/cm^  after  annealing  at  500  °C. 
Annealing  at  700  °C  and  900  °C  increased  it  to  4.5  •  10”^  A/ 
cm^  and  1.7A/cm^,  respectively.  Obviously  the  leakage 
current  varies  inversely  with  the  SBH.  Further  reverse 
biasing  to  lOOV  for  the  contact  annealed  at  500  °C  only 


Table  I.  Results  of  Schottky-barrier  height  <f)^  measurements  of  n-type  Co-Si  {36-64)l6H-SiC 
contacts  by  capacitance-voltage  (C-V),  current-voltage  (I-V)  and  temperature  activated-I-V 


(act.)  methods  as  a  function  of  annealing  temperature;  also  included  are  measurements  of  the 
reverse  leakage  current  density  at  5  V  reverse  bias  as  a  function  of  annealing  temperature 


Annealing  temperature 
(°C) 

n-type 

^BC-K 

(eV) 

0B  /— 

(eV) 

tl 

<I>B  ,„(temp-interval) 
(eV) 

'^nv 

(A/cm^) 

500 

1.05 

1.01  (300  K) 

1.15 

0.96  (300K-350K) 

3.0  •  10“'' 

700 

1.05 

0.82  (300  K) 

1.16 

0.75  (300K-350K) 

4.2  •  10-’ 

0.91  (450  K) 

1.06 

0.86  (350  K-475K) 

900 

0.75 

0.52  (300  K) 

1.25 

0.41  (300K-475  K) 

1.7  •  lO® 

—  (450  K) 

2.2 
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Fig.  2.  Forward  current-voltage  characteristics  for  a  n-type  Co-Si  (36-64)/ 
6H-SiC  contact,  annealed  at  500  °C. 

increased  the  current  density  to  5  •  10“^  A/cm^.  Irreversible 
breakdown  did  not  occur  for  the  contacts  under  a  reverse 
bias  of  100  V. 

Log  J/T^  vs.  1/T  plots  were  used  to  investigate  the  con¬ 
tribution  of  recombination  current.  Annealing  at  500  °C:  at 
temperatures  ranging  from  300  K  to  350  K  the  activation 
energy  was  0.96  eV. 

Annealing  at  700  °C:  measurement  from  350  K  to  475  K 
yielded  two  activation  energies,  E^^s,  equal  to  0.86 eV  and 
0.75  eV  at  the  high  and  low  temperature  end  of  the  interval, 
respectively.  The  SBH  at  475  K  was  0.91  eV  and  the  ideality 
factor  was  1.06.  A  linear  fit  of  the  <^b(^)  values  obtained 
could  be  extrapolated  with  good  regression  to  the  SBH  at 
zero  temperature. 

Annealing  at  900  °C:  only  one  activation  energy  (£a  = 
0.41  eV)  was  found.  The  SBH  at  300  was  0.61  eV.  The  ideal¬ 
ity  factor  increased  from  1.26  to  an  extracted  value  of  2.2 
when  the  temperature  was  increased  from  300  K  to  450  K. 
These  results  indicate  a  large  increase  of  recombination  after 
annealing  at  900  °C.  Negligible  difference  in  the  I-V- 
characteristics  with  regards  to  the  Co-Si  (36-64)  contact 
were  obtained  for  the  Co-Si  (38-62)  contact. 

Figure  3  display  C-F-data  for  the  n-type  contacts.  The 
highest  SBH  1.06  eV,  corresponds  to  annealing  at  500  °C. 
Further  annealing  at  700  °C  only  has  a  small  effect  on  the 
SBH.  Annealing  at  900  °C  lowers  the  barrier  to  0.75  eV.  The 
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Fig.  3.  C-F-data  of  the  Co-Si  (36-64)/6H-SiC  contacts  after  the  different 
annealings. 


extracted  dopant  concentration  increases  from  5-10^®  to 
7  •  10^®cm“^  after  annealing  at  500  °C  and  900  °C  respec¬ 
tively.  The  SBH  was  about  0.06  eV  lower  for  the  Co-Si  (38- 
62)  film  over  the  investigated  interval. 

3.3.  Electrical  characteristics  of  p-type  rectifying  contacts 
Electrical  characterisation  after  the  500  °C  anneal  revealed 
the  presence  of  an  insulating  layer  at  the  SiC/silicide  inter¬ 
face.  However,  after  annealing  at  700  °C  for  5  min  the  con¬ 
tacts  displayed  rectifying  characteristics.  Materials  analysis 
did  not  reveal  any  differences  before  and  after  this  latter 
heat  treatment.  These  observations  suggest  a  break  up 
process  of  the  insulating  layer  during  the  5  min  annealing  at 
700  “C. 

The  forward  current-voltage  characteristics  of  the  p-type 
Co-Si  (36-64)  contaets  annealed  at  500  °C  and  5  min  at 
700  °C  are  shown  in  Fig.  4.  From  the  linear  portion  of  the 
curve  an  ideality  factor  of  1.38  and  a  SBH  of  1.41  eV  was 
obtained  at  300  K.  At  350  K  the  ideality  factor  improved  to 
1.31.  The  large  differences  in  current  density  at  1.2  V  can  be 
attributed  to  incomplete  ionisation  of  the  p-type  dopants. 
Annealing  at  900  °C  decreased  the  linear  region  to  less  than 
three  decades  and  the  SBH  to  1.15  eV  as  can  be  seen  in 
Table  II.  As  for  the  n-type  contacts  the  reverse  leakage 
current  of  the  p-type  contacts  was  proportional  to  the  SBH. 
No  irreversible  breakdown  occurred  before  100  V  and  the 
current  density  was  5.3  •  10“®  A/cm^  when  the  contacts 
were  reverse  biased  to  100  V  after  the  500  °C  annealing. 

Temperature  activation  measurements  for  p-type  Co-Si 
(36-64)  contacts  annealed  at  500  °C  were  done  in  the  280  K 
to  350  K  temperature  range.  An  of  1.04  eV  was  obtained 
and  the  (psiT)  values  extracted  from  the  log  J  vs.  l"for  plots 
showed  good  correlation  to  a  linear  interpolation.  The  zero 
temperature  SBH  was  1.00  eV.  Annealing  at  700  °C 
increased  the  recombination  current.  Measurement  at  tem¬ 
peratures  ranging  between  300  K  to  475  K,  yielded  two  Ef^s, 
one  at  1.16eV  corresponding  to  the  thermionic  emission 
current  and  a  second  one  below  400  K  equal  to  0.64  eV. 
Annealing  at  900  °C:  activation  plots  from  temperatures 
ranging  between  300  K  and  475  K,  revealed  E^  equal  to 
0.77  eV.  Starting  from  values  around  1.4,  the  extracted 
ideality  factor  increased  to  2.5  when  the  temperature  was 
increased  from  300  K  to  450  K. 

The  results  from  the  C-F-measurements  of  p-type  Co-Si 
(36-64)  contacts  are  displayed  in  Table  II  and  in  Fig.  3. 


Forward  Voltage  (V) 

Fig.  4.  Forward  current-voltage  characteristics  for  a  p-type  Co-Si  (36-64)/ 
6H-SiC  contact,  annealed  at  500  "C. 


Physica  Scripta  T54 


276  N.  Lmdberg  and  M.  Ostling 


Table  II.  Results  of  Schottky-barrier  height  measurements  of  p-type  Co-Si  {36-64)f6H-SiC 
contacts  by  capacitance-voltage  (C-V),  current-voltage  (I-V)  and  temperature  activated  I-V  (act.) 
methods  as  a  function  of  annealing  temperature;  also  included  are  measurements  of  the  reverse 


leakage  current  density  at  5  V  reverse  bias  as  a  function  of  annealing  temperature 


Annealing  temperature 
(°C) 

p-type 

4>bc-v 

(eV) 

(^B/_v(temp) 

(eV) 

n 

</>B.ci(temp-interval) 

(eV) 

•^rev 

(A/cm^) 

500 

1.90 

1.41  (300  K) 

1.38 

1.04  (300K-350K) 

6.3  •  lO-’ 

1.48  (350  K) 

1.31 

700 

2.10 

1.30  (300  K) 

1.61 

0.61  (300K-350K) 

1 

0 

00 

1.54  (450  K) 

1.41 

1.16  (350  K-475K) 

900 

2.69 

1.15  (300  K) 

1.33 

0.61  (300K-475K) 

2.4-  10- * 

—  (450  K) 

2.5 

Dopant  concentrations  of  8  •  10^®cni“^  and  1  • 
were  extracted  after  heat  treatments  at  500  °C  and  900  °C. 
The  SBH  increased  after  every  heat  treatment.  After  anneal¬ 
ing  to  900  °C  the  extracted  value  for  the  SBH  was  2.69  eV. 
Obviously  the  C-F-method  over-estimate  the  SBH  when 
the  slight  substrate  reaction  has  occurred.  The  Co-Si  (38- 
62)  contact  displayed  similar  results  for  all  electrical  mea¬ 
surements. 

4.  Discussion 

4.1.  Solid  state  reactions 

No  detectable  reaction  between  the  substrate  and  the  sili- 
cide  took  place  after  annealing  at  700  °C.  This  observation 
agrees  with  an  earlier  report  of  an  increased  reaction  tem¬ 
perature  for  silicidation  on  SiC  compared  to  Si  [5]. 

4.2.  Schottky  barrier  height  and  recombination  for  n-type 
contacts 

The  SBH  obtained  from  C-V-  and  /-F-measurements  after 
the  500  °C  annealing  are  in  good  agreement.  The  result 
obtained  from  temperature  activation  corresponds  to  the 
SBH  at  zero  temperature.  As  the  operating  temperature  is 
increased  the  recombination  contribution  decreases  yielding 
a  higher  value  of  the  SBH.  After  the  700  °C  anneal  the 
recombination  current  increased.  Annealing  at  900  °C 
changed  the  rectifying  characteristics  substantially,  the  SBH 
was  lowered  to  0.30  eV.  This  observed  lowering  of  the  SBH 
after  annealing,  is  in  agreement  with  findings  by  Porter  [8] ; 
however,  for  the  Pt/SiC  system,  the  barrier  height  is  re¬ 
ported  to  increase  after  substrate  reaction  [9].  These  results 
are  somewhat  surprising  since  the  two  materials  systems, 
Co-SiC  and  Pt-SiC,  resemble  each  other  with  respect  to  the 
absence  of  metal-carbides. 

The  absence  of  irreversible  breakdowns  when  the  contacts 
were  reverse  biased  to  100  V  is  attributed  to  the  lack  of  edge 
termination  [10].  On  the  other  hand,  Bhatnagar  et  al.  [11] 
claims  that  the  ideal  value  for  the  breakdown  voltage 
should  be  a  factor  1.4  higher  than  the  value  obtained 
without  surface  passivation  and  edge  termination.  Hence  it 
can  be  expected  that  no  breakdown  should  occur  before 
140  V. 

4.3.  Schottky  barrier  height  and  recombination  for  p-type 
contacts 

If  the  values  of  the  SBH  obtained  by  both  C-F-  and  I-V- 
methods  are  put  together  as  in  Table  II  they  display  a 


complex  behaviour.  Annealing  below  the  threshold  tem¬ 
perature  for  substrate  reaction,  yield  SBHs  and  ideality 
factors  around  1.4.  At  higher  operating  temperatures  the 
recombination  current  decreases.  Results  obtained  by  C-F- 
measurement  yield  higher  values  of  the  SBH,  1.90eV  and 
2.10eV  after  annealing  at  500  °C  and  700  °C,  respectively.  A 
large  amount  of  the  discrepancy  between  the  SBHs  can  be 
attributed  to  the  high  value  of  the  ideality  factor.  Annealing 
at  900  °C  leads  to  higher  ideality  factors,  rj  has  a  value  of 
1.58  at  300  K  and  reaches  a  value  of  2.5  at  450  K.  These 
unusual  high  values  of  t]  for  both  the  n-  and  p-type  contacts 
at  elevated  temperatures  could  be  explained  by  traps 
created  at  the  interface  by  the  substrate  reaction  during  the 
900  °C  annealing.  As  the  operating  temperature  increases 
more  carriers  are  generated  that  can  recombine  thereby 
yielding  a  higher  value  of  g.  C-F-  and  i-F-measurements 
reveal  a  SBH  of  2.69  eW  and  1.34  eV,  respectively.  The  over¬ 
estimation  of  the  SBH  obtained  by  C-F-measurements  can 
be  explained  by  an  additional  in-series  capacitance  in  the 
contact.  For  instance,  the  Al  dopants  at  the  SiC  surface  can 
react  with  CoSi2  and  form  a  C02AI9  alloy  [12]  and  leave  a 
thin  intrinsic  SiC  layer  underneath  that  introduces  addi¬ 
tional  series  capacitance.  Additional  research  is  needed  to 
confirm  these  speculations. 

The  results  after  the  annealings  suggest  that  the  slight 
substrate  reaction  affects  the  value  of  the  SBH.  At  tem¬ 
peratures  below  900  °C  where  no  evidence  of  reaction  with 
the  substrate  is  found,  a  value  of  1.05  + 0.05  eV  and 
1.90  +  0.05  eV  can  be  reported  for  the  SBH  of  CoSi2  to  n- 
and  p-type,  respectively.  Small  islands  of  CoSi  in  the  film 
could  affect  the  SBH  obtained  if  SBH,coSi)  was  lower  than 
SBH(c^ij,,  but  that  is  not  the  case  since  the  SBH  to  n-type 
SiC  is  lowered  when  Si  is  supplied  to  the  silicide  after  the 
slight  substrate  reaction.  The  sum  of  the  SBHs  on  n-  and 
p-type  add  up  to  2.95  +  O.leV  which  is  close  to  the  energy 
bandgap  of  6H-SiC,  £^(6^.510  =  2.86  eV,  at  300  K  [13]. 
Annealing  at  900  °C  changes  the  obtained  values  of  the  SBH 
significantly.  On  n-type  the  barrier  is  lowered  to  0.75  eV  but 
increased  on  p-type  to  2.7  eV.  This  rather  large  change  of 
the  SBH  can  mainly  be  attributed  to  the  slight  substrate 
reaction  although  other  mechanisms  are  not  ruled  out  for 
changing  the  electrical  properties. 

5.  Conclusions 

1.  Cobalt  disilicide  Schottky  contacts  to  both  n-  and  p-type 
6H-SiC  have  been  investigated.  The  contacts  display  stable 
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electrical  response  after  annealing  at  700  °C  featuring  good 
rectifying  /-^-characteristics  with  low  ideality  factors  over 
at  least  5  decades  and  a  reverse  leakage  current  density  of 
10  to  10“^A/cm^  at  a  reverse  bias  of  5V.  No  distinct 
breakdowns  took  place  even  at  lOOV  reverse  bias.  The 
Schottky  barrier  height  (SBH)  of  CoSij  to  6H-SiC  was 
1.05  ±  0.05  eV  and  1.90  +  0.05  eV  for  n-  and  p-type,  respec¬ 
tively. 

2.  Annealing  at  900  °C  increased  the  recombination 
current  and  changed  the  obtained  SBH  significantly. 

3.  A  large  discrepancy  between  SBHs  was  obtained  by 
I-V-  and  C-F-measurement  for  the  p-type  contact  after 
annealing  at  900°C.  The  C-F-method  overestimates  the 
SBH. 
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Abstract 

Thin  Pt-  and  Pt-silicide  films  on  Si  are  currently  used  in  microelectronics 
as  Schottky  diodes  with  high  values  of  the  electrical  barrier  (~0.8eV).  Such 
films  also  have  metallic  or  near  metallic  sheet  conductivities  and  are  suited 
for  interconnects.  The  choice  of  Pt  is  indicated  by  the  reaction  between  Pt 
and  Si  which  seems  easy  to  control,  at  low  temperatures,  enabling  so-called 
self-alignment  of  the  silicide  pattern.  This  is  somewhat  unexpected, 
however,  when  considering  the  bulk  thermodynamic  phase  diagram  of 
these  elements.  From  this,  processing  temperatures  of  over  830  °C  should 
be  needed  for  reaching  the  eutectic  temperature  and  an  even  higher  tem¬ 
perature  (1210  °C)  needed  to  reach  the  most  stable  silicide  composition, 
PtSi.  Many  times,  studies  of  the  Pt/Si  system  under  UHV  conditions  of 
processing  and  purity  have  been  interpreted  as  forming  silicide  at  the  Si 
surface,  even  at  room  temperature.  However,  it  was  noted  that  no  bulk 
silicide  is  grown  from  thin  Pt  deposits  by  heating  in  UHV.  Normally,  an 
inhomogeneous  composition  profile  is  found  with  the  top  surface  being 
enriched  in  silicon.  In  the  present  studies  Pt  was  deposited  slowly  on  the 
Si(lll)  7x7  surface.  This  was  done  to  follow  its  reaction  and  in-depth 
distribution  profile  during  deposition,  and  the  formation  of  the  Schottky 
barrier  in  this  step.  Subsequent  annealing  was  then  studied.  Further  experi¬ 
ments  studied  the  sensitivity  of  annealing  to  impurities  (C  and  O),  and  to 
oxidation.  It  was  found  that  during  deposition  of  Pt  some  Si  atoms  are 
retained  in  the  top  surface,  bonding  with  or  imbedding  themselves  in  the  Pt 
with  a  silicide-like  appearance  of  the  valence  band,  Si(2p)  core  levels,  and 
the  Si  (Lj  3  VV)  Auger  spectrum  (XAES).  However  the  distribution  of  Pt 
and  Si  below  the  surface  during  deposition  is  indicative  of  an  almost  homo¬ 
geneous  Pt  film,  with  some  signs  of  a  combined  island  and  layer  growth, 
past  the  first  monolayer  of  Pt.  The  dislodging  of  Si  atoms  occurs  during 
completion  of  the  first  monolayer,  and  the  reaction  starts  only  after  this  is 
completed.  Impurities  in  a  Pt  film,  present  before  annealing,  were  found  to 
create  a  homogeneous,  stable  metallic  phase.  Oxidation  of  various  Pt/Si 
structures  differs  from  that  of  clean  Si  surfaces  at  intermediate  tem¬ 
peratures,  where  evidence  for  the  formation  of  an  oxide  with  (weak)  fea¬ 
tures  of  SiOj  is  obtained. 


Introduction 

In  the  continued  development  and  refinement  of  materials 
and  processes  for  microelectronics  the  search  for  a  deeper 
understanding  particularly  of  silicon  oxidation  and  metal¬ 
lization  reactions  seem  more  important  than  ever  to  over¬ 
come  some  of  the  bottlenecks  predicted  for  ultra  large  scale 
integration  towards  the  year  2000  [1],  In  fact  it  does  not 
today  seem  justified  to  claim  that  these  very  important  pro¬ 
cesses  of  the  microelectronics  technology  are  sufficiently  well 
understood  in  basic  terms.  As  a  matter  of  fact  there  exists  a 
kind  of  “pressure  gap”  in  microelectronics  between  funda¬ 
mental  research,  such  as  UHV  based  studies,  and  techno¬ 
logical  processing,  as  quoted  for  catalysis  research.  The 
advent  of  MBE  methods  seems  to  have  brought  with  it, 
however,  a  closer  match  between  basic  and  applied  research, 
and  maybe  the  next  decade  will  see  similar  progress  in  oxi¬ 
dation  and  metallization  research. 


In  the  present  project  the  properties  of  thin  Pt  films  on 
Si(lll)  7  X  7  surfaces  are  studied  under  UHV  conditions. 
The  aim  was  to  characterize  in  more  detail  the  reaction 
between  Pt  and  Si,  the  interface  and  the  growth  mode  of  the 
film  during  deposition,  including  its  in-depth  composition. 
The  effects  of  annealing  with  and  without  impurities  were 
also  studied,  as  was  the  possible  catalytic  activity  of  the 
metal  or  reacted  compound  towards  oxidation.  The  band 
bending,  and  thus  the  Schottky  barrier,  can  be  followed  in 
surface  core  level  photoemission  experiments  with  synchro¬ 
tron  radiation.  These  studies  follow  a  number  of  previous 
reports  [2,  3,  4,  5],  in  which  the  principal  aim  was  to  under¬ 
stand  the  relationship  between  the  atomic  and  electronic 
structure  of  the  interface  and  the  Schottky  barrier  character¬ 
istics.  Parallel  studies  looked  for  the  best  methods  to  form 
thick  silicide  layers  and  the  possible  epitaxial  growth  of  PtSi 
on  Si,  such  as  rapid  thermal  anealing  or  the  use  of 
“forming”  gases  [6].  The  failure  of  UHV  based  methods  to 
produce  homogeneous  silicides  were  first  noted  in  [2],  and 
then  further  demonstrated  in  [4].  It  was  therefore  uncertain, 
what  Schottky  barriers  would  result  from  UHV  based  pro¬ 
cessing. 

Experimental  details 

The  experiments  were  performed  in  UHV  systems  with  elec¬ 
tron  spectrometers,  Pt  evaporators,  gas  inlet  systems,  excita¬ 
tion  sources  for  photoemission,  and  sample  cleaning  and 
heating.  Synchrotron  radiation  was  available  at  MAX  Lab 
in  Lund,  while  all  other  experiments  were  done  in  Odense. 

The  Si(lll)  samples  were  P-doped  n-type  wafers  with 
doping  levels  of  lO^^cm”^.  They  were  cleaned  by  flashing 
after  bake-out  of  the  system,  during  which  they  were  pro¬ 
tected  by  a  native  oxide  layer.  For  reference  purposes  Pt 
was  also  evaporated  on  the  as  received  samples  after  bake- 
out  to  study  if  the  growth  of  Pt  differs  from  the  case  of  a 
clean  surface.  Two  different  Pt  evaporation  methods  were 
employed:  At  MAX  Lab,  a  W  wire  supporting  a  thin  Pt 
wire  wound  around  it  was  heated,  while  in  Odense  an  indi¬ 
rectly  heated  Ta  plate  supporting  a  Pt  foil  was  used.  The 
evaporation  rate  was  monitored  with  a  quartz  crystal, 
elaborated  into  a  double  crystal  set-up  to  compensate  for 
thermal  drift.  Even  with  this  system,  however,  radiation  and 
charge  pick-up  turned  out  to  be  a  problem,  and  only  a  short 
exposure  period  could  be  used  to  establish  the  rate,  by  sub¬ 
tracting  the  frequencies  just  before  and  shortly  after  expo¬ 
sure,  with  minimum  thermal  loading  of  the  system.  Further 
estimates  of  the  rates  were  obtained  from  AES  and  XPS 
signals,  and  from  the  knowledge  of  the  systematics.  This 
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obviously  gives  a  degree  of  uncertainty  with  respect  to  the 
absolute  rates,  but  this  is  a  problem  common  to  all  studies 
of  this  system. 

Results 

Deposition  at  room  temperature 

The  growth  of  Pt  on  Si(lll)  7  x  7  at  a  rate  of  deposition  of 
lA/min  is  demonstrated  in  Figs  1  and  2.  Figure  1(a)  shows 
the  Si(2s),  Si(2p)  and  Pt(4f)  core  lines  and  the  background  in 
that  part  of  the  XPS  spectrum  of  the  sample  excited  with 
Mg-Kj  radiation.  Similarly,  Fig.  1(b)  shows  the  Pt(N700) 
and  Si(L2, 3VV)  Auger  spectra,  excited  with  the  X-rays.  In 


Kinetic  energy  (eV) 


Fig.  I.  (a)  XPS  of  Pt  on  Si(lll)  7x7,  recorded  with  Mg-K,  radiation,  (b) 
XAES  of  Pt  on  Si(lll)  7x7.  Same  conditions  as  Fig  1(a).  The  insert  shows 
a  high  resolution  recording  of  the  SifLj,  3VV)  part  of  the  upper  spectrum, 
giving  clear  indications  for  silicide  like  features  [5]. 


Figs  2(a)  and  2(b),  the  intensities  of  the  signals  are  plotted  as 
functions  of  the  Pt  dose  received.  Due  to  a  difference  in 
sampling  depths  at  the  different  kinetic  energies  in  these 
spectra,  the  two  sets  of  intensities  behave  qualitatively  differ¬ 
ent.  The  core  line  signals  [Fig.  2(a)]  indicate  a  nearly 
uniform  growth  of  a  Pt  film  on  top  of  the  Si  surface,  with  a 
small  amount  of  islanding  [7].  They  sample  the  entire  Pt 
layer  with  only  a  moderate  damping  at  the  thickness  depos¬ 
ited  in  this  experiment.  In  contrast,  the  Auger  lines  [Fig. 
2(b)]  represent  a  more  shallow  information  depth  [8].  Thus 
the  horizontal  Pt  and  Si  Auger  signals  represent  a  final,  con¬ 
stant  surface  composition  of  Pt  and  Si.  A  detailed  study  of 


Pt  coverage  (A) 


Fig.  2.  (a)  Si  and  Pt  core  line  intensities  versus  Pt  dose  at  room  tem¬ 
perature.  The  filled  circles  represent  a  stretched  representation  of  the  Si(2s) 
signal.  The  triangles  (Pt(4r)  and  open  circles  refer  to  an  identical  intensity 
scale,  (b)  XAES  signals  [from  differentiated  representations  of  the  distribu¬ 
tion  of  Fig.  1(b)]  versus  Pt  dose  at  room  temperature.  Same  conditions  as 
Fig.  2(a). 
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the  growth  of  the  first  few  monolayers  is  given  in  [3]  and 
[4].  The  small  amount  of  islanding  in  this  case  [Fig.  2(a)]  is 
contrasted  with  a  larger  amount  observed  when  Pt  is  depos¬ 
ited  on  the  surface  covered  by  a  20  A  native  oxide  layer.  It  is 
detected  as  a  deviation  from  a  purely  exponential  behaviour 
of  these  plots.  From  the  line  shape  of  the  Si(L2_  3VV)  spec¬ 
trum  it  is  concluded  that  the  surroundings  for  the  surface  Si 
atoms  are  similar  to  PtSi  [4].  Thus  it  is  concluded  from 
these  measurements  that  a  reacted  surface  layer  is  formed 
with  Si  atoms  in  a  Pt  rich  film.  No  signs  of  the  buried  inter¬ 
face  are  available  in  this  case. 

With  the  facilities  at  MAX  Lab  in  Lund  it  is  possible  to 
do  surface  core  level  spectroscopy,  by  choosing  an  appropri¬ 
ate  photon  energy  and  total  resolution  of  the  system.  This  is 
demonstrated  in  Fig.  3,  which  shows  the  development  of  the 
Si(2p)  [Fig.  3(a)]  and  Pt(4f)  [Fig.  3(b)]  core  level  spectra 
during  Pt  deposition.  In  the  Si(2p)  spectra  four  components 
are  clearly  visible  to  the  eye  without  resorting  to  detailed 


curve  fitting.  In  agreement  with  the  current  understanding 
of  the  Si(2p)  spectra  of  the  7  x  7  structure,  the  three  com¬ 
ponents  of  the  clean  surface  spectrum  are  assigned  to  the 
ad-atoms,  “bulk”  atoms  and  rest  atoms  of  the  DAS-model 
[9].  The  displacement  of  the  peaks  with  Pt  coverage  is 
indicative  of  chemical  exchange  and/or  bending  of  the  bands 
of  the  Si  crystal.  If  the  “bulk”  peak  is  tracked,  a  total  shift 
between  the  top  spectrum  and  the  bottom  spectrum  of 
0.5  eV  is  observed.  At  completing  the  first  layer  the  shift 
amounts  to  0.3  eV.  The  shift  of  Pt  is  of  the  order  of  0.2  eV, 
but  in  the  same  direction  as  for  Si,  and  it  occurs  only  after 
completion  of  the  first  layer.  This  indicates  that  in  the  reac¬ 
tion  a  net  charge  transfer  occurs  from  Pt  to  Si.  The  Si  band 
bending  in  the  initial  phase  (first  layer  of  Pt)  is  thus  due 
mostly  to  a  change  of  surface  structure.  This  change  is 
directly  indicated  by  the  changes  in  the  Si(2p)  spectrum 
during  deposition  [Fig.  3(a)],  which  show  that  the  ad-atoms 
are  removed  before  the  first  monolayer  is  completed.  At 


Fig.  3.  (a)  Si(2p)  core  line  spectrum  at  £pho,o„  =  130eV,  during  Pt  depositions  at  room  temperature.  See  text  for  details,  (b)  Pt  (4f)  core  line  spectrum, 
under  the  same  conditions  as  Fig.  3(a).  =  ISOeV. 
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coverages  exceeding  a  monolayer  the  Si(2p)  spectrum  is 
indicative  of  a  metallic  system,  charaeterized  by  the  inelastic 
losses  on  the  low-energy  side  of  the  peaks  [10],  This  is  the 
spectrum  of  reacted  Si  and  Pt  (silicide).  In  conclusion  then,  a 
large  part  of  the  Sehottky  barrier  height  (of  about  0.80  eV, 
corresponding  to  a  band  bending  of  0.65  eV  for  this  doping 
level)  for  the  Si/Pt  interface  is  already  developed  in  the 
contact  reaction  between  Pt  and  Si,  without  annealing.  In 
this  case,  the  interfaee  is  still  (just)  visible  until  the  last 
coverage  included  (bulk  peak),  but  covered  with  metal  and 
silicide.  The  intensities  of  the  signals  are  as  given  in  [3]. 

Annealing  studies 

Results  of  annealing  of  a  ~60A  thick  Pt  deposit  are  pre¬ 
sented  in  Fig.  4.  The  figure  shows  the  development  of  the 
Auger  spectra  of  Si  and  Pt,  after  various  annealing  cycles.  It 
is  evident  that  the  Si  (L2, 3VV)  Auger  spectrum  changes  its 
shape  drastieally  upon  the  first  annealing  cycle  taking  the 
sample  up  to  300  °C.  This  change  represents  a  break-up  of 
the  silicide  at  the  surface  [4].  The  core  level  intensities  show 
that  Si  diffuses  into  the  Pt  film  or  Pt  into  the  substrate  at 
higher  temperatures.  In  a  separate  experiment  it  was  probed 
whether  Pt  evaporated  from  the  sample  [7].  This  was  found 
not  to  be  the  case  at  any  of  the  temperatures  used  here.  The 
surface  concentration  of  Pt  stabilizes  after  several  annealing 
cycles  up  to  1200  °C.  In  this  stage  the  surface  is  a  y/3  x  ^3 
reconstruction  with  the  remaining  Pt  atoms  in  sixfold  inter¬ 
stitial  sites  in  the  top  double  layer  of  the  silicon  crystal  [11]. 
Thus  these  experiments  clearly  demonstrate  that  a  thin  Pt 
film  under  these  conditions  will  not  form  a  homogeneous 
silicide  with  a  well  defined  interface,  but  it  does  create  a 
stable  surface  structure  and  a  dispersed  Pt  concentration  in 
the  bulk  of  the  sample. 

To  test  some  suggestions  about  the  role  of  nucleation 
centers  for  the  silicidation  reaction,  a  deposition  was  under¬ 
taken  with  impurities  (C  and  O)  by  not  applying  cooling  to 


Kinetic  energy  (eV) 

Fig.  4.  XAES  spectra  of  60  A  Pt  on  Si(lll)  during  annealing.  Top  spec¬ 
trum:  Before  annealing.  Spectra  below  represent  the  sequence  of  max.  tem¬ 
peratures  given  to  the  right  of  the  figure. 


the  evaporator.  A  15  A  thick  film,  heavily  contaminated  at 
the  surface  with  C  and  O,  was  annealed,  producing  the  XPS 
spectrum  shown  in  Fig.  5.  In  this  figure  the  plasmon  loss 
peaks  are  depicted  in  more  detail  than  before  to  demon¬ 
strate  that  a  metallic  like  compound  seems  to  have  formed. 
However  the  surface  of  this  sample  does  not  represent  a  sili¬ 
cide  like  Si(L2. 3VV)  Auger  spectrum,  but  the  ratio  of  the  Pt 
and  Si  signals  could  indicate  a  composition  like  PtSi.  The 
core  level  intensities  of  this  sample  also  show  that  the  Si  to 
Pt  ratio  in  the  entire  reaeted  phase  is  significantly  more 
stable  with  respect  to  annealing  than  for  the  clean  systems, 
at  temperatures  up  to  950  °C.  This  could  indicate  a  silicide- 
like  bulk  composition,  but  more  work  is  obviously  needed 
for  this  and  similar  cases. 

Oxidation  studies 

The  sample,  which  resulted  from  the  procedures  mentioned 
above  (Fig.  5),  was  annealed  several  times  at  800°C  which 
resulted  in  a  clean  surface  with  a  1  x  1  hexagonal  LEED 
pattern.  Room  temperature  oxygen  exposure  to  40  L 
(saturation  of  a  elean  Si(lll)  7x7  surface  [12])  does  not 
produce  any  uptake  of  oxygen  (Fig.  6). 

In  contrast,  by  keeping  the  sample  at  500  °C  during 
oxygen  exposure,  an  uptake  occurs  as  shown  in  Fig.  6.  The 
oxygen  signal  versus  exposure  is  shown  in  the  insert.  The 
saturation  exposure  is  above  1000  L.  The  resulting  oxide 
layer  is  thieker  than  for  the  clean  surface  (oxidised  at  room 
temperature)  and  has  a  Si  (L2, 3VV)  spectrum  as  shown  in 
Fig.  7.  This  spectrum  (and  its  dilferentiated  replica)  has  indi¬ 
cations  for  Si02  like  features  of  the  oxide  [13].  Also  the 
^3  X  ^3  surface  oxidises  with  a  similar  saturation  expo¬ 
sure.  The  non-reacted  surface  does  not  take  up  oxygen  at 
these  low  pressures.  Thus  none  of  the  surfaces  are  more 
reactive  to  oxygen  at  room  temperature  than  clean  Si  sur¬ 
faces,  but  at  elevated  temperatures  they  are  significantly 
more  reactive  than  the  clean  surfaces. 


Kinetic  energy  (eV) 

Fig.  5.  XPS  of  Si(2s)-Si(2p)  region  showing  plasmons  after  annealing  of  the 
contaminated  15  A  Pt  film  on  Si(lll)  to  800  °C. 


Physica  Scripta  T54 


282  P.  Morgen,  B.  Jorgensen  and  J.  Gordon 


Fig.  6.  0(ls)  and  Pt(4p)  lines  of  a  PtSi  compound  oxidised  at  500  °C,  versus 
oxygen  exposure.  The  insert  shows  the  0(ls)  signal  versus  oxygen  exposure 
in  L(10"®Torrxsec). 


Fig.  7.  XAES  spectra  of  oxidised  PtSi  compound,  after  1392  L  oxygen 
exposure  (Fig.  6).  The  lower  spectrum  is  a  derivative  representation  of  the 
upper  spectrum.  SiOj  -  like  features  are  indicated  [13]. 

Discussion  and  conclusions 

This  study,  as  a  continuation  of  previous  studies,  has  shown 
that  the  interaction  between  deposited  Pt  films  and  the  Si 
surface  occurs  in  several  steps.  The  first  step  examined  con¬ 
sists  of  the  deposition  of  the  first  monolayer  of  Pt  at  room 


temperature.  In  this  step  the  Si  ad-atoms  of  the  7  x  7  struc¬ 
ture  are  gradually  removed  from  their  positions  without 
other  significant  changes  of  the  surface  structure.  They  mix 
with  Pt  atoms  after  completion  of  a  monolayer  to  form  a 
local  silicide-like  phase  at  the  surface.  Below  that  phase  a 
Pt-rich  phase  is  growing  with  further  Pt  arriving.  The  slight¬ 
est  thermal  excitation  breaks  up  this  phase  and  reorders  the 
entire  surface  region  by  dilfusional  motion.  A  large  part  of 
the  band  bending  occurs  from  removal  of  the  ad-atoms  in 
the  initial  phase  of  deposition.  When  silicide  is  formed  a 
further  band  bending  occurs  due  to  the  polarization  of  the 
Si-Pt  bonds.  Other  effects  on  the  distribution  or  bonding  of 
the  elements  at  the  surface  can  be  due  to  impurities.  It  has 
been  demonstrated  here  that  C  and  O  deposited  together 
with  Pt  “help”  in  creating  a  stable,  homogeneous  and 
extended  phase  with  a  composition  close  to  a  silicide,  with 
metallic  properties  witnessed  here  by  its  plasmon  spectrum. 
Oxidation  at  elevated  temperatures  of  (annealed)  Pt  depos¬ 
its  is  strongly  enhanced  compared  to  clean  Si,  and  must  be 
creating  diffusional  mixing  in  the  process.  These  findings 
may  be  important  clues  to  the  differences  between  conven¬ 
tional  technological  processing  which  are  found  to  form  Pt- 
silicides  at  low  temperatures,  with  the  assistance  of  gaseous 
ambients,  and  UHV  conditions,  under  which  such  processes 
do  not  occur. 
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Abstract 

SiC  has  in  comparison  with  Si  superior  basic  properties  for  applications  in 
high-power,  high-frequency  and  high-temperature  electronics.  The  potential 
applications  of  SiC  were  known  decades  ago,  but  the  poor  quality  of  the 
material  produced  at  that  time  has  delayed  the  device  development. 
However,  during  the  last  years  the  crystal  growth  process  of  SiC  has  been 
improved  considerably.  We  will  present  some  important  properties  of  SiC, 
describe  the  two  most  common  growth  processes  and  discuss  fundamental 
materials  problems  that  remain  to  be  solved.  A  further  aspect,  which  we 
will  discuss,  is  the  polytypism  of  SiC,  which  may  allow  us  to  obtain  generic 
knowledge  of,  for  instance,  defects  in  semiconductors. 

1.  Introduction 

SiC  has  in  comparison  with  Si  superior  properties  regarding 
high-power,  high-frequency  and  high-temperature  elec¬ 
tronics.  The  material  has  extremely  high  thermal  conductivi¬ 
ty  (5  W/cm  K),  can  withstand  high  electric  fields  (4  MV/cm) 
before  breakdown  also  high  current  densities.  The  high 
bandgap  results  in  low  leakage  current  even  at  high  tem¬ 
peratures  ( >  700  °C).  The  above  mentioned  properties  make 
SiC  promising  as  a  power  device  material.  The  electrotech¬ 
nical  industry,  with  applications  at  high  voltage  could  thus 
in  the  future  advantageously  replace  Si  power  transistors, 
thyristors  and  rectifiers  with  SiC  devices. 

Due  to  its  high  saturated  electron  velocity  (2.5  x 
lO^cm/s)  SiC  is  also  capable  of  generating  large  power  at 
high  frequencies.  This  will  prove  useful  for  radars  and  SiC 
devices  could  replace  electronic  tubes  as  microwave  source 
in  many  applications. 

One  important  high-temperature  SiC  application  is  the 
car  industry,  where  it  sometimes  is  advantageous  to  place 
the  electronics  close  to  the  engine.  A  further  advantage  is 
the  high  chemical  stability  of  SiC,  which  enables  different 
types  of  sensors  to  work  in  such  a  chemically  aggressive 
high  temperature  environment.  The  mining  industry  has 
similar  needs  for  logging  measurements  and  control. 

The  potential  applications  of  SiC  were  known  decades 
ago,  but  the  poor  quality  of  the  material  has  delayed  the 
device  development.  However,  during  the  last  years  the 
crystal  growth  process  of  SiC  has  been  improved  consider¬ 
ably.  Today  30  mm  wafers  of  reasonable  quality  are  com¬ 
mercially  available.  The  availability  of  such  wafers  has  made 
it  possible  to  develop  the  SiC  Chemical  Vapour  Deposition 
(CVD)  process  faster.  This  is  the  background  for  the  dra¬ 
matically  increased,  recent  interest  for  SiC. 

In  this  paper  we  will  present  some  important  properties  of 
SiC,  describe  the  two  most  common  growth  processes  and 
discuss  fundamental  materials  problems  that  remain  to  be 
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solved.  A  further  aspect,  which  we  will  discuss,  is  the  poly¬ 
typism  of  SiC,  which  may  allow  us  to  obtain  generic  know¬ 
ledge  of,  for  instance,  defects  in  semiconductors.  The 
emphasis  will  be  on  the  recent  work  performed  at  Link¬ 
oping  University  and  for  earlier  work  we  refer  to  Refs 
[1-13]. 

2.  Some  important  properties  of  SiC 
2.1.  The  poly  types  of  SiC 

SiC  is  the  classic  example  of  a  one-dimensional  polymor¬ 
phism  called  polytypism.  The  polytypes  of  SiC  differ  from 
one  another  only  in  the  stacking  sequence  of  double  layers 
of  Si  and  C  atoms.  Each  double  layer  consists  of  a  plane  of 
close-packed  Si  atoms  over  a  plane  of  close-packed  C 
atoms,  where  each  Si  atom  lies  directly  above  each  C  atom. 
The  succeeding  double  layer  is  stacked  in  a  close-packed 
arrangement  that  allows  for  one  of  three  possible  positions 
(A,  B  or  C)  relative  the  previous  double  layer,  see  Fig.  1. 
Depending  on  the  stacking  sequence,  various  structures  (i.e. 
cubic  (C),  hexagonal  (H),  or  rhombohedral  (R))  are  formed. 
The  stacking  direction  is  the  c-axis  in  the  hexagonal  frame 
of  reference. 

There  really  are  only  three  polytypes  of  practical  impor¬ 
tance,  3C,  6H  and  4H.  The  number  denotes  the  number  of 
double  layers  in  a  stacking  repeat  sequence  and  the  letter 
designates  the  structure.  Thus,  we  have  3C  for  cubic  SiC 
(/9-SiC),  which  has  the  same  zincblende  cubic  lattice  as  Si 
and  GaAs  and  is  the  only  cubic  polytype.  All  of  the  other 
polytypes  are  known  as  a-SiC,  the  most  common  being  6H 
SiC.  All  the  polytypes,  including  3C,  have  nearly  the  same 
interatomic  distances  although  their  bandgaps  differ  about 
leV. 


SILICON  CARBIDE  POLYTYPES 


6H  3C  4H 

Fig.  1.  The  stacking  sequencies  of  the  most  important  SiC  polytypes. 
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2.2.  Photoluminescence  characterization  of  SiC 
Substitutional  donors  and  acceptors  have  more  complex 
electronic  and  vibrational  properties  in  SiC  than  in  other 
semiconductors  such  as  Si.  The  most  common  impurity  in 
SiC  is  nitrogen  and  it  is  also  used  for  n-type  doping.  Even 
though  N  occupies  only  C-sites  in  SiC  it  has  one,  two  and 
three  inequivalent  sites  to  choose  between  in  3C,  4H  and 
6H-SiC,  respectively,  each  site  giving  rise  to  a  separate 
donor  level  in  the  bandgap.  The  near  bandgap  low  tem¬ 
perature  photoluminescence  (PL)  spectrum  of  3C,  4H  and 
6H  SiC  is  normally  dominated  by  sharp  lines  due  to  the 
recombination  of  excitons  bound  at  these  nitrogen  donors, 
as  described  below,  and  the  energetic  positions  of  these  lines 
sensitively  depend  on  the  particular  polytype. 

Figure  2  compares  two  PL  spectra  taken  from  two 
3C-SiC  CVD  epilayers;  one  grown  on  an  on-axis  6H-SiC 
substrate  (curve  a)  and  the  other  on  a  Si  substrate  (curve  b). 

indicates  the  exciton  energy  gap  which  is  about  2.389  eV 
at  4.2  K  [14].  The  PL  spectrum  from  3C-SiC  grown  on 
6H-SiC  contains  in  the  near  bandgap  region  the  no-phonon 
(NP)  line  of  the  N  bound  exciton  (BE)  at  about  2.378  eV,  as 
well  as  various  phonon  replicas  [14,  15].  The  binding 
energy  of  the  nitrogen  BE  is  lOmeV  as  measured  in  bulk 
3C-SiC.  When  Si  is  used  as  the  substrate  [Fig.  2(b)]  the  NP 
line  of  the  nitrogen  BE  from  the  3C-SiC  epilayer  is  not 
observed  in  our  case  and  the  phonon  replicas  are  detected 
with  a  red  shift  and  a  broadening  of  their  line  widths.  This 
behaviour  is  related  to  strain  effect  existing  in  the  CVD  3C 
film.  The  strain  is  due  to  the  large  mismatch  of  about  20% 
in  the  lattice  constants  between  Si  and  3C-SiC.  It  was 
shown  that  for  films  thicker  than  3  pm  the  film  stress 
decreases  slightly  with  increase  of  film  thickness  [16].  From 
infrared  absorption  the  ionization  energy  of  the  N  donor 
has  been  found  to  be  54.2  me V  [17]. 

The  hexagonal  4H  polytype  of  SiC  has  an  excitonic 
bandgap  of  3.265  eV  at  4.2  K  [18]  and  Fig.  3  shows  the  PL 
spectrum  in  the  near  bandgap  region  of  a  bulk  crystal. 
There  are  two  NP  lines  marked  as  Pq  and  Qq  from  the  two 
inequivalent  nitrogen  sites,  and  with  each  NP  line  a  series  of 
lines  is  associated  through  phonon  emission.  The  exciton 
binding  energies  are  7  meV  and  20  meV,  respectively.  From 
infrared  absorption  the  ionization  energies  of  the  N  donors 
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Fig.  2.  PL  spectra  at  4.2  K  showing  the  nitrogen  BE  from  3C  SiC  CVD 
films  grown  on  (a)  6H-SiC  substrate  and  (b)  Si  substrate,  respectively. 


Fig.  3.  PL  spectrum  at  6  K  of  the  nitrogen  BE  complexes  in  4H  SiC.  Pq 
and  Qo  are  the  NP  lines  due  to  two  inequivalent  nitrogen  sites.  Other 
labeled  lines  are  one-phonon  replica  lines  of  the  P  series.  Weaker  lines  are 
Q  series  or  intrinsic  (from  [18]) 

are  found  to  be  51.8  meV  and  91.4  meV  for  the  two  sites 
[19]. 

Nitrogen  in  6H-SiC  gives  rise  to  three  donor  levels  at 
81meV,  137.6  meV  and  142.4  meV  below  the  conduction 
band,  respectively  [20].  Figure  4  shows  PL  spectra  recorded 
at  4.2  K  from  different  CVD  epilayers  grown  on  6H-SiC:  (a) 
high-doped  n-type  (2  x  10^®cm~^),  (b)  a  low-doped  n-type 
(5  X  lO^'^cm"^),  (c)  a  low-doped  p-type  (5  x  10^'^cm“^)  and 
(d)  an  extremely  low-doped  p-type  (<1  x  lO^'^cm”^) 
sample,  respectively.  These  spectra  contain  several  sharp 
lines  related  to  the  recombination  of  the  excitons  bound  to 
the  three  nitrogen  donors,  to  the  three  aluminium  acceptors 
and  to  the  recombination  of  the  free  excitons  (FEs).  No¬ 
phonon  BE  lines  (Pq  ,  Rq  and  Sq)  associated  with  the  three 
nitrogen  donor  levels  are  observed  together  with  their 
phonon  replicas.  The  energy  position  of  these  three  NP  BE 
lines  corresponds  to  the  BE  binding  energies  of  16.0  me V, 
30.6  me V,  and  32.4  me V,  if  the  exciton  band  gap  is  taken  as 
3.023  eV  [15].  For  the  p-type  epilayer  the  unresolved  NP 
lines  of  the  Al-BE  [21]  are  detected.  Since  SiC  has  an  indi¬ 
rect  bandgap  the  FE  NP  line  is  not  observed.  However, 
various  phonon  replicas  are  clearly  observed  and  in  some 
cases  dominate  the  PL  spectra  of  the  low-doped  CVD  epi¬ 
layers. 

Other  defect  centers  can  be  observed  in  the  PL  spectra  of 
the  different  SiC  polytypes.  The  PL  spectrum  of  the  Ti 
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Fig.  4.  PL  spectra  at  4.2  K  of  four  different  CVD  6H  epilayers.  (a)  is  a 
high-doped  n-type,  (b)  is  a  low-doped  n-type  and  (c)  and  (d)  are  low-doped 
p-type  films.  Pq  ,  Rq  and  Sq  are  the  NP  lines  due  to  the  three  inequivalent 
N  sites.  Al  denotes  the  NP  unresolved  lines  due  to  the  Al  BE.  is  the  label 
for  the  intrinsic  (or  FE)  lines,  where  h  is  the  phonon  replica  energy. 
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impurity  has  been  observed  in  various  polytypes  and  the 
NP  line  energies  were  shown  to  be  almost  independent  of 
the  polytype  energy  gap.  The  experimental  results  were 
explained  with  a  model  in  which  Ti  is  an  isoelectronic  sub¬ 
stituent  for  Si  [22].  Radiation  defects  introduced  by  ion- 
implantation  or  electron  bombardment  give  rise  to  various 
PL  spectra.  Some  of  the  defects  persist  after  a  1600°C 
anneal  and  they  are  also  observed  in  CVD  grown  material. 
They  are  mainly  the  Dj  center  in  3C  and  6H  CVD  epilayers 
and  also  the  D„  center  in  3C  film  [16,  23].  PL  lines  due  to 
hydrogen  related  centers,  similar  to  hydrogen  spectra  of 
implanted  and  annealed  Lely  samples,  have  also  been  seen 
in  4H  and  6H  CVD  films  [24].  Visible  luminescence  due  to 
donor  (N)-acceptor  (Al,  Ga,  B)  pair  recombination  is  often 
observed  in  heavely  doped  material  [25].  Finally  vanadium 
was  shown  to  be  an  amphoteric  deep  level  defect  substitut¬ 
ing  Si  in  4H  and  6H  polytypes  and  associated  with  infra-red 
luminescence  [26]. 


3.  SiC  Growth 

Here  we  will  describe  only  the  two  most  important  growth 
techniques,  the  seeded  sublimation  technique  (modified 
Lely)  for  bulk  growth  and  the  CVD  technique  for  layer 
growth.  For  older  bulk  growth  techniques  like  Acheson  and 
original  Lely  we  refer  to  [27].  Other  layer  growth  tech¬ 
niques  are  Liquid  Phase  Epitaxy  (LPE)  [28,  29],  gas  source 
Molecular  Beam  Epitaxy  (MBE)  [30]  and  magnetron  sput¬ 
tering  [31].  The  latter  technique  has  recently  been  proven  to 
give  high-quality  3C  SiC  on  Si  substrates  [31]. 

3.1.  Seeded  sublimation  growth  of  bulk  material 
Seeded  sublimation  growth  of  bulk  SiC  is  based  on  material 
transport  by  sublimation  from  a  hot  source  of  SiC  to  a  SiC 
seed  crystal  at  lower  temperature  in  a  quasiclosed  volume 
[32].  Thus,  by  employing  a  seed,  control  of  the  nucleation 
and  polytype  homogeniety  becomes  possible. 

Sublimation  growth  set-up  (Fig.  5)  is  typically  designed  as 
a  cylindrical  reaction  chamber,  equipped  with  an  RF  induc¬ 
tive  heating  system.  In  the  chamber  a  crucible  assembly  is 
placed,  consisting  of  a  graphite  lid  on  which  a  seed  is  set, 
and  a  cylindrical  graphite  crucible  containing  the  source 
material.  The  crucible  assembly  is  covered  with  heat  insula¬ 
tors  made  of  graphite  felt.  Since  the  growth  temperature  is 
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Fig.  5.  A  schematic  cross-sectional  view  of  SiC  sublimation  growth  system. 


around  2200  °C  and  the  source  is  heated  up  to  100-200  °C 
more,  some  parts  of  the  growth  equipment  require  water 
cooling.  When  doping  is  intended  the  dopants  are  either 
added  to  the  starting  material  or  introduced  as  gas  mix¬ 
tures. 

This  type  of  equipment  is  most  commonly  used  for 
producing  6H  and  4H  SiC  ingots  with  a  growth  rate  of 
about  Imm/h.  The  typical  boule  size  is  30  mm  in  diameter 
and  several  cm  in  length. 

In  fact,  the  SiC  bulk  growth  from  vapor  phase  is  to  be 
regarded  as  a  superposition  of  several  interrelated  processes 
such  as  evaporation  of  the  starting  material,  heterogeneous 
nucleation,  mass  transport  to  the  growing  surface,  and  spe¬ 
cific  heat-exchange  mechanisms.  Consequently,  the  essential 
growth  parameters  are  the  growth  temperature,  the  axial 
temperature  gradient,  the  gas  pressure  and  the  source  to 
seed  distance.  The  growth  rate  of  the  bulk  crystals  is  mainly 
governed  by  the  temperature  and  pressure  conditions, 
although  experimental  evidence  of  source  to  seed  distance 
effect  has  also  been  noticed  [33]. 

The  SiC  sublimation  growth  can  take  place  within  a  wide 
temperature  range,  1700-2500  °C.  However,  it  has  to  be 
noticed  that  the  growth  temperature  together  with  the  seed 
determine  the  polytype  and  orientation  of  the  grown 
material.  The  axial  temperature  gradient  in  the  growth  zone 
varies  from  20  to  40  °C/cm  depending  on  the  growth  condi¬ 
tions  chosen.  This  process  characteristique  is  directly  related 
to  the  growth  rate  as  the  growth  species  are  transferred  by 
diffusion  from  the  source  to  the  seed.  The  mass  transfer  is 
also  affected  by  the  fluxes  of  the  gas  phase  components,  i.e. 
Si,  SijC  and  SiC2.  Si  is  acting  as  C  transport  agent  and  the 
Si  vapor  pressure  is  the  limiting  one  for  setting  the  growth 
pressure  at  T  <  2400  °C.  The  total  gas  pressure  in  the 
growth  chamber  can  vary  from  several  Torr  to  1  atm  of 
Ar-gas.  The  low  pressure  alleviates  the  mass  transfer,  i.e.  the 
growth  rate  [33]. 

The  crystal  structure  quality  depends  on  the  substrate 
perfection  and  on  the  vapor  supersaturation  which  in  its 
turn  is  determined  by  the,  temperature  and  the  difference 
between  the  souree  and  the  seed  temperature.  The  purity  of 
the  grown  material  is  strongly  affected  by  the  impurities  in 
the  starting  SiC  which  can  be  either  purified  abrasive 
powder  or  synthesized  polycrystalline  material  [33,  34] 

3.2.  CVD  growth  of  epitaxial  layers 

Growth  of  high-quality  epitaxial  layers  at  a  reasonable 
growth  rate  (1-3  pm/hr)  is  generally  done  by  CVD.  In  con¬ 
ventional  atmospheric  pressure  CVD,  the  most  common 
precursor  gases  are  silane  and  propane.  These  are  diluted  in 
a  massive  flow  of  carrier  gas  which  normally  is  hydrogen. 
The  precursors  are  made  to  decompose  in  the  hot  zone  of 
the  reactor  and  an  epitaxial  film  will  grow  on  the  substrate, 
see  Fig.  6.  The  growth  process  is  made  at  high  temperatures 
(900°C-1700°C  sometimes  even  higher)  where  the  major 
part  of  the  thermal  losses  are  in  the  form  of  radiation.  The 
reactor  used  at  Linkoping  University  has  reduced  these 
losses  greatly  due  to  a  unique  hot-wall  susceptor  design 
[35]. 

The  purity  of  commercially  available  propane  is  no  better 
than  99.95%  (20  ppm  nitrogen),  which  in  many  cases  is  suffi¬ 
cient.  However,  the  nitrogen  content  in  this  gas  is  far  too 
high  to  realize  ultra-pure  material.  The  purest  available 
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hydro-carbon  gas  is  methane  with  a  nitre  ^.n  content  of 
0.5  ppm.  This  appears  to  be  an  obvious  choice  for  growth  of 
high  purity  layers  but  the  decomposition  energy  for 
methane  is  much  higher  than  that  for  propane.  The  hot-wall 
reactor  we  use  allows  us  to  grow  with  methane  as  precursor 
gas  since  the  decomposition  efficiency  in  the  reactor  is  high. 
The  ratio  between  the  concentration  of  carbon  vs  silicon 
(C/Si  ratio)  needs  to  be  much  higher  when  methane  is  used. 
Additionally,  we  notice  a  slightly  worse  morphology  on  the 
layers  produced  with  methane  [36]. 

Growth  on  different  substrates  yields  different  results. 
Growth  on  Si  substrates  always  gives  the  3C  polytype. 
Growth  on  Si  substrates  is  preceeded  by  a  carbonization 
procedure  developed  by  Nishino  et  al.  [37].  The  growth 
temperature  when  Si  is  used  as  a  substrate  can  not  be  too 
high  since  Si  melts  just  above  1400  °C.  A  temperature 
around  1200  °C  has  proved  suitable  for  growth  of  3C  on  Si 
substrates  in  our  reactor  [35].  Growth  on  on-axis  6H  SiC 
substrates  give  3C,  if  a  high  growth  rate  together  with  a  low 
temperature  is  used.  The  6H  polytype  can  be  produced  at  as 
low  temperatures  as  1200  °C  with  a  very  low  growth  rate 


[35].  The  off-axis  6H  substrates  normally  always  give  the 
6H  polytype,  since  the  steps  guide  the  atoms  into  the  right 
position  [38]. 


4.  Fundamental  physics  problems  to  be  solved 

The  different  polytypes  of  SiC  can  serve  as  a  model  system. 
They  have  the  same  kind  of  atoms,  the  same  kind  of 
bonding  between  the  atoms  and  almost  exactly  the  same 
interatomic  distances.  Only  the  stacking  sequences  differ. 
But  this  affects  the  band  structure  and  the  phonon  disper¬ 
sion  relations  and  thus  all  electronic  and  vibrational  proper¬ 
ties. 

To  obtain  generic  knowledge  about  defects  in  semicon¬ 
ductors  it  is  advantageous  to  compare  the  properties  of  the 
“same”  defect  both  at  inequivalent  sites  in  the  same  poly¬ 
type  and  at  sites  in  different  polytypes.  In  the  next  section 
we  will  report  such  an  investigation  on  the  shallow  donor 
nitrogen. 

4.1.  Luminescence  decay  of  nitrogen  bound  excitons 

We  have  performed  time-resolved  measurements  on  the 
nitrogen  BEs  in  both  3C  and  6H  SiC  using  the  time  corre¬ 
lated  photon  counting  technique  [39].  The  decay  time  of  the 
three  different  excitons  in  6H  SiC  has  been  measured 
separately  at  2.0  K  and  is  found  to  be  1.5  ±0.1  ns, 
1.8  ±  0.1ns  and  8.0  ±  0.5  ns,  for  the  S,  R,  and  P,  respec¬ 
tively.  The  corresponding  decay  curves  are  shown  in  Fig. 
7(a).  The  observed  decay  times  for  the  donor  BE’s  in  6H  do 
not  differ  between  samples  with  different  doping  levels,  in 
the  range  of  10‘®  to  10^®cm“^. 
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Fig.  7.  (a)  Photoluminescence  decay  curves  at  2  K  of  the  three  nitrogen  BEs  in  6H  SiC.  The  inset  shows  the  corresponding  donor  energy  level  (top)  and 
the  binding  energy  of  the  exciton  (bottom).  The  decay  times,  which  are  extremely  fast,  are  shown  for  each  exciton.  (b)  Photoluminescence  decay  curves  at 
2K  of  the  nitrogen  BE  in  3C  SiC.  The  decay  time  is  found  to  be  160  ps. 
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We  have  also  measured  the  temperature  dependence  of 
the  decay  time  in  6H  SiC.  The  measured  decay  time  is  found 
to  be  constant  up  to  a  certain  temperature,  above  which  it 
rapidly  decreases.  This  can  most  simply  be  described  with 
the  introduction  of  an  additional  temperature  activated 
non-radiative  recombination  channel.  The  activation  energy 
for  this  recombination  is  within  experimental  errors  equal  to 
the  binding  energy  of  the  BE.  We  therefore  conclude  that 
the  decrease  of  the  observed  decay  time  is  due  to  the 
thermal  ionization  of  the  BE  into  a  FE. 

The  observed  decay  time  at  2  K  of  the  N  BE  in  3C  SiC  is 
considerably  longer,  160  ±  5  ns,  as  shown  in  Fig.  7(b).  Also 
in  this  case,  we  have  obtained  the  same  value  for  the  decay 
time  in  several  samples,  in  both  bulk  and  epitaxial  layers. 

The  observed  decay  times  in  both  6H  and  3C  are  con¬ 
siderably  faster  than  expected  for  a  radiative  recombination 
in  a  semiconductor  with  an  indirect  bandgap  like  SiC.  It 
appears  that  non-radiative  recombination  is  the  dominant 
mechanism  that  reduces  the  BE  population.  From  the 
results  of  these  decay  time  measurements  -  i.e.  fast  recombi¬ 
nation,  which  is  temperature  independent  at  low  tem¬ 
peratures,  no  dependence  on  doping  concentration, 
correlation  between  decay  time  and  energy  level  of  the  cor¬ 
responding  donor  -  we  conclude  that  the  most  probable 
non-radiative  process  is  a  phonon-less  Auger  process  [40, 
41]. 

The  donor  BE  consists  originally  of  three  particles,  two 
electrons  and  one  hole.  In  the  Auger  process  one  of  the  elec¬ 
tron  recombines  with  the  hole  leaving  the  excess  energy  and 
momentum  to  the  second  electron.  This  electron,  labelled  as 
the  Auger  particle,  is  then  excited  up  into  the  conduction 
band  with  an  energy  close  to  the  bandgap  energy  and  with 
an  additional  wave  vector  determined  by  the  separation  of 
the  electron  and  hole  in  momentum  space,  see  Fig.  8. 

In  6H  SiC,  the  hole  is  located  at  the  valence  band  top, 
which  is  located  at  the  F-point  in  the  zone  center,  whereas 
the  two  electrons  are  located  at  the  conduction  band 
minimum  (assumed  to  be  at  or  close  to  the  M-point  at  the 
zone  edge).  This  means  that  the  Auger  electron  receives  an 
additional  momentum  corresponding  to  the  indirect 
bandgap,  and  that  the  final  state  of  the  Auger  electron  in 
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Fig.  8.  A  schematic  view  of  the  donor  BE  Auger  recombination  in  6H  SiC. 
One  of  the  electrons  of  the  BE  recombines  with  the  hole.  The  excess  energy 
and  momentum  is  transferred  to  the  second  electron,  which  is  excited  up  in 
the  conduction  band. 


k-space  will  be  in  the  vicinity  of  the  zone  center.  Existing 
bandstructure  calculations  [42]  show  that  the  bandgap  at 
the  F-point  is  close  to  or  larger  than  twice  the  minimum 
indirect  bandgap.  The  exact  value  of  the  zone  center 
bandgap  is  in  this  case  very  important,  since  the  recombi¬ 
nation  rate  is  strongly  dependent  on  whether  the  final 
energy  of  the  Auger  particle  is  located  below  or  above  the 
F-point  band  gap.  According  to  our  measurements  the 
recombination  process  is  very  fast  (in  the  low  ns  range)  and 
we  thus  conclude  that  the  direct  bandgap  is  less  than  twice 
the  indirect  bandgap. 

The  nitrogen  donor  levels  in  6H  SiC  are  relatively  deep 
causing  a  strong  localisation  for  the  primarily  bound  elec¬ 
tron.  This  will  consequently  lead  to  a  delocalized  wavefunc- 
tion  in  k-space  and  a  higher  probability  of  Auger 
recombination  for  final  state  wavevectors  different  from 
k  =  0.  This  is  further  demonstrated  by  the  observed 
decrease  in  decay  time  with  increasing  energy  for  the  three 
nitrogen  donor  levels. 


5.  Fundamental  material  problems  to  be  solved 

There  are  several  fundamental  material  problems  that  need 
to  be  solved  before  SiC  devices  can  be  of  any  substantial 
commercial  value.  The  most  severe  problem  is  the  existence 
of  small  holes,  so-called  micropipes,  penetrating  the  wafers. 
The  diameter  of  the  micropipes  may  vary  from  below  pm  to 
tens  of  pm.  The  micropipe  density  is  today  50-200  cm  in 
high  quality  material.  This  makes  the  yield  for  devices  with 
areas  larger  than  a  few  mm^  extremely  small.  In  power 
applications  the  device  areas  are  often  as  large  as  several 
cm^.  Thus,  to  make  large  area  devices  at  all  possible  and  to 
improve  the  yield  of  small  area  devices  the  micropipe 
density  must  be  reduced  considerably. 

In  order  to  realize  high  voltage  rectifying  properties  it  is 
necessary  to  produce  thick  low-doped  active  layers.  For 
instance,  a  5kV  rectifier  needs  a  40  pm  thick  active  layer 
with  a  controlled  doping  concentration  in  the  low 
10‘®cm“^  range.  The  residual  doping  should  be  in  the  low 
10“*cm”3  range. 

For  bipolar,  high-voltage  devices  the  carrier  lifetime  in 
the  active  layer  must  be  long  under  high-injection  condi¬ 
tions.  Otherwise  the  forward  voltage  drop  becomes  too 
high.  The  previously  mentioned  5  kV  rectifier  would  require 
a  high-injection  lifetime  of  about  1  ps. 

For  high-frequency  devices  the  frequency  limit  is  set  by 
the  coupling  to  the  conducting  substrate.  Semi-insulating 
substrates  or  thick  semi-insulating  films  to  isolate  the  device 
structures  would  thus  be  an  important  improvement. 

We  will  in  the  following  two  sections  report  on  the  latest 
results  achieved  at  Linkoping  University  concerning  low 
residual  carrier  concentration  and  long  carrier  lifetime. 

5.1.  Low  residual  carrier  concentration 
Nitrogen  is,  as  previously  mentioned,  the  most  common 
defect  in  SiC.  CVD-layers  with  very  low  nitrogen  concentra¬ 
tion  can  be  grown,  though  great  care  must  be  taken  prior  to 
and  during  growth.  Due  to  the  high  nitrogen  content  of  the 
propane  precursor,  it  is  difficult  to  grow  layers  with  a  nitro¬ 
gen  concentration  lower  than  lO^^cm”^.  Compensating 
acceptors  can,  however,  unintentionally  be  introduced  from 
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the  graphite  if  the  protecting  SiC  film  on  the  susceptor  is 
partly  etched  away  by  the  hydrogen  flow.  This  can  be  seen 
in  PL,  since  Al  BEs  will  appear  in  the  PL  spectra,  see  Fig. 
4{c)  and  (d).  Figure  4(b)  shows  a  PL  spectrum  from  a  low 
doped  n-type  sample  without  any  noticeable  compensating 
acceptors.  By  comparing  the  ratio  between  the  N  BE  and 
the  FE  (I77)  with  the  doping  concentration  of  the  layer  for 
n-type  samples,  a  clear  correlation  is  seen  Fig.  9.  Layers 
with  little  or  no  compensating  acceptors  (i.e.  no  Al  BEs 
could  be  observed  in  the  PL  spectra)  produce  a  straight  line 
in  Fig.  9.  Compensated  films  all  lie  above  this  line,  since 
they  have  lower  net  doping  concentration  and  due  to  a  rela¬ 
tively  higher  amount  of  impurities  also  have  lower  FE 
intensity. 

Methane  is,  as  mentioned  previously,  a  purer  source  than 
propane.  Using  methane  uncompensated  n-type  layers  have 
been  produced  with  a  residual  doping  concentration  as  low 
as  5  •  10^'^cm”^.  If  the  C/Si  ratio  is  increased  the  nitrogen 
incorporation  is  decreased  and,  provided  there  are  any  com¬ 
pensating  acceptors  in  the  reactor,  a  extremely  low  doped 
p-type  layer  can  be  grown.  Figure  4(d)  shows  a  PL  spectrum 
of  such  a  low-doped  p-type  film.  The  Al  BEs  are  clearly 
seen,  however  the  spectrum  is  almost  entirely  dominated  by 
FE  related  lines.  Note  that  the  nitrogen  BE  lines  are  merged 
with  the  IseFE  related  line.  The  doping  concentration  is  not 
measured  on  this  sample  but  is  well  below  lO^'^cm"^. 
Although  methane  gives  much  purer  layers,  propane  is  nor¬ 
mally  preferred  due  to  the  superior  morphology  obtained 
with  this  source.  Propane  was  therefore  the  obvious  choice 
when  a  structure  was  grown  intended  to  be  processed  into  a 
high  voltage  rectifier  potentially  capable  of  handling  5  kV. 
On  a  n"^  substrate,  a  45  pm  n-type  layer  (approximately 
l'10^®cm“^)  was  grown,  followed  by  a  heavily  p-type 
doped  layer  1.5  pm  thick.  The  p-type  doping  was  achieved 
by  a  small  addition  of  trimethylaluminium.  The  layer 
exhibits  excellent  morphology  with  the  exception  for  a  very 
small  corrugation  just  noticeable  at  400  times  magnification 
in  a  Normarski-type  optical  microscope.  This  we  believe  is 
due  to  step  bunching  effects.  PL  shows  that  the  active 


Fig.  9.  The  dependence  of  the  BE/FE  ratio  on  the  net  doping  concentra¬ 
tion  for  n-type  epilayers  at  4.2  K.  The  BE/FE  ratio  is  determined  from  the 
PL  spectra  by  the  following  equation  BE/FE  =  (Ig  WJ,  -I-  Ig  Wy/pE 
where  Ig,  Wr,  4,  4e  ^fe  intensities  and  full  widths  at  half 

maximum  of  the  Rg,Sg,  and  Ijj  lines,  respectively.  The  net  doping  concen¬ 
tration  is  determined  from  C-V  measurements. 


n-layer  has  excellent  crystalline  quality  with  no  signs  of  any 
compensating  acceptors. 

5.2  Long  carrier  lifetime  and  lifetime  limiting  defect 
We  have  managed  to  grow  CVD  layers  with  reasonable 
long  carrier  lifetimes.  For  uncompensated  layers  with 
doping  less  than  10^^cm“^  the  minority-carrier  lifetime 
approaches  0.5  ps  at  room  temperature. 

Up  to  now  very  little  is  known  about  deep  level  defects  in 
SiC,  which  play  important  roles  in  carrier  recombination. 
Among  them,  the  dominant  recombination  center  (i.e.  the 
lifetime-limiting  defect),  despite  of  its  significant  importance, 
is  still  a  mystery.  This  is  mainly  due  to  the  lack  of  suitable 
experimental  techniques  which  not  only  are  sensitive  to 
carrier  recombination  but  also  provide  detailed  information 
about  the  defect  electronic  and  geometrical  structure. 

Optical  detection  of  magnetic  resonance  (ODMR)  has  in 
the  past  decade  proven  to  be  a  very  powerful  technique, 
which  combines  highly  sensitive  optical  spectroscopy  with 
microscopically  informative  magnetic-resonance  techniques 

[43] .  ODMR  is  a  suitable  technique  in  studying  the  lifetime 
limitinjg  defect,  since  the  radiative  carrier  recombination 
processes  are  directly  monitored  in  the  experiments.  A 
magnetic-resonance  enhanced  carrier  recombination  via  the 
dominant  recombination  center  will  result  in  a  correspond¬ 
ing  decrease  in  carrier  recombination  via  other  channels 

[44] .  In  other  words,  the  PL  emission  directly  related  to  the 
dominant  recombination  channel,  if  it  is  radiative,  will 
increase  upon  the  magnetic  resonance  condition.  PL  emis¬ 
sions  other  than  the  dominant  recombination  center  will 
consequently  decrease  due  to  the  competing  process. 

The  samples  studied  include  4H  and  6H  bulk  crystals 
grown  by  the  modified  Lely  method  and  epilayers  grown  by 
CVD.  They  are  either  n-  or  p-type  doped.  The  carrier 
recombination  processes  are  monitored  here  by  PL  emis¬ 
sions  from  the  materials.  In  all  these  samples  studied,  an 
ODMR  signal  at  around  g  =  2  can  be  observed  via  all  the 
PL  emissions  from  the  samples,  see  Fig.  10.  The  resonance 
line  at  X-band  frequencies  is  rather  broad  and  probably 
contains  unresolved  hyperfine  structure  and  unresolved  res¬ 
onances  from  different  inequivalent  lattice  sites  of  the  defect. 
The  spectral  dependence  study  shows  that  this  ODMR 
signal  corresponds  to  an  enhancement  in  the  intensity  of  the 


t 


< 

z 

o 


an 


Cl 

o 


MAGNETIC  FIELD  (GAUSS) 


Fig.  10.  ODMR  spectrum  obtained  by  detecting  the  entire  visible  PL  emis¬ 
sion  of  6H  SiC,  at  4  K  and  9.23  GHz. 
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COMPETING  PROCESS  IN 
CARRIER  RECOMBINATION 


OTHER  PL  ODMR 

CENTERS  CENTER 

Fig.  11.  A  schematic  picture  of  competing  carrier  recombination  processes. 
An  enhancement  in  carrier  recombination  via  the  lifetime  limiting  defect 
(denoted  as  X)  leads  to  a  corresponding  decrease  of  carrier  recombination 
via  other  channels  in  the  material 


PL  band  peaking  at  1.65  eV  and  a  decrease  in  the  intensity 
of  other  PL  emissions  ranging  from  bandedge  shallow  BEs 
to  near-infrared  deep  PL  bands.  This  is  interpreted  as  due 
to  the  competing  process  in  carrier  recombination  as  sche¬ 
matically  shown  in  Fig.  11:  the  magnetic  resonance  at  the 
dominant  recombination  center  (denoted  as  X  in  Fig.  11) 
promotes  carrier  recombination  via  this  center  (the  PL  band 
at  1.65  eV)  and  consequently  reduces  carrier  recombination 
via  other  recombination  channels  (represented  by  the 
dashed  arrows). 

This  dominant  recombination  center  is  shown  to  be  a 
deep  level  defect,  evident  from  the  related  deep  PL  emission 
and  a  photo-excitation  spectrum  of  the  ODMR  signal.  The 
latter  reveals  the  photo-ionization  of  the  center,  which 
determines  the  energy  level  of  the  defect  to  be  at  about 
1.1  eV  below  the  bottom  of  the  conduction  band.  The  fact 
that  this  ODMR  signal  has  been  observed  in  both  6H  and 
4H  SiC,  regardless  of  their  doping  type  and  whether  they 
are  bulk  or  epilayers,  indicates  that  this  must  be  a  common 
and  basic  defect  in  SiC,  probably  involving  native  defects. 
This  defect  provides  a  very  efficient  recombination  channel, 
limiting  the  carrier  lifetime. 

6.  Summary 

The  progress  of  SiC  technology  has  been  substantial  during 
the  last  years  and  may  lead  to  a  break-through  in  high- 
power,  high-frequency  and  high-temperature  electronics  in 
the  near  future.  The  most  important  obstacle  left  is  the 
micropipe  density,  which  has  to  be  reduced  considerably  (to 
<lcm”^)  before  SiC  electronics  can  be  of  any  real  com¬ 
mercial  value.  From  a  fundamental  point  of  view  the 
progress  of  the  SiC  material  quality,  will  enable  us  to  obtain 
generic  knowledge  of  solid  state  physics  by  comparing  the 
same  property  for  several  different  polytypes. 
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Abstract 

Thermal  oxides  have  been  grown  on  monocrystalline  6H  silicon  carbide 
samples  (n-type  and  p-type)  with  both  carbon  face  and  silicon  face.  The 
oxidation  was  performed  in  a  dry  oxygen  ambient  at  1523  K  with  or 
without  the  addition  of  TCA  (Trichloroethane),  or  in  wet  pyrogenic  steam 
at  1473  K.  Polysilicon  gates  doped  with  POCI3  were  used  for  electrical 
characterisation  by  capacitance-voltage  measurements  at  room  tem¬ 
perature.  Large  flatband  voltage  shifts  indicate  fixed  oxide  charges  up  to 
10‘^cm’^. 

1.  Introduction 

Silicon  carbide,  SiC,  has  been  suggested  as  a  suitable 
material  for  high  temperature  and  high  power  electronic 
devices  [1,  2,  3],  due  to  its  wide  energy  bandgap  and  high 
thermal  conductivity.  SiC  exists  in  several  crystal  structures, 
and  the  hexagonal  structures  may  appear  in  several  poly¬ 
types.  Three  of  these  are  commercially  available:  6H 
(hexagonal),  3C  (cubic),  (grown  on  (100)  silicon)  and  recently 
4H  (hexagonal).  When  polishing  the  wafers,  either  the  (0001) 
silicon  face  or  the  (OOOl)  carbon  face  may  be  selected,  see 
Fig.  1  [4],  Many  properties  of  the  material  differ  depending 
on  which  face  is  used.  The  oxidation  rate  is  higher  on  the 
carbon  face,  see  Table  I  and  [5,  6],  and  also  CVD  homo¬ 
epitaxy  is  faster  on  on-axis  carbon  face  wafers  [7]. 

Oxidation  studies  have  received  much  attention,  since 
high  quality  oxides  will  be  needed  for  MOS-gates,  insulation 
and  passivation.  Most  oxidation  studies  so  far  on  6H  SiC 
have  concentrated  on  the  kinetics,  and  on  n-type  material 
(nitrogen  doped)  [6,  8].  Although  the  oxide  quality  has  been 
found  satisfactory  on  n-type,  further  investigations  are 
needed  on  p-type  substrates  (aluminium  doped),  since  diffi¬ 
culties  have  been  reported  in  obtaining  high  quality  oxides 
[9].  It  is  suspected  that  the  large  amounts  of  aluminium 

Table  I.  Sample  data  and  oxidation  results 
CREE  specifications: 


Wafer  type: 

n-type 

p-type 

n-type 

p-type 

Polished  face: 

silicon 

silicon 

carbon 

carbon 

Net  doping  (cm“^) 

8.7  •  10^’ 

1.3  •  10” 

5.8-10” 

5.5  •  10' 

Oxidation  time  (min): 

50 

50 

10 

10 

Oxide  thickness  (nm): 

Dry  (1523  K) 

44 

40 

51 

48 

Dry  -1-  TCA  (1523  K) 

43 

42 

49 

50 

Wet  (1473  K) 

40 

48 

130 

131 
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detected  in  the  oxides  after  thermal  oxidation  [10]  (and 
[11]  on  3C  SiC)  will  influence  both  the  threshold  voltage 
and  the  gate  oxide  breakdown  of  MOSFETs.  In  this  study 
we  compare  electrical  characteristics  of  oxides  grown  on  the 
silicon  face  (Si  face)  and  the  carbon  face  (C  face)  with  either 
n-type  (nitrogen)  or  p-type  (aluminum)  doping. 

2.  Experimental 

The  starting  material  was  monocrystalline  6H  silicon 
carbide  samples  with  the  silicon  face  or  the  carbon  face  pol¬ 
ished  (from  Cree  Research  Inc.).  Wafers  were  supplied  with 
at  least  3  pm  thick  epilayers  to  reduce  the  concentration  of 
defects  and  accurately  control  the  doping.  The  initial  con¬ 
centrations  of  aluminum  and  nitrogen  are  listed  in  Table  I. 
The  uniform  net  doping  levels  were  measured  by 
capacitance-voltage  measurements  using  an  Hg  probe. 

Three  different  procedures  were  used  for  the  oxidation: 

1.  Dry  oxidation  at  1523  K 

2.  Dry  oxidation  at  1523  K  with  TCA  (Trichloroethane)  to 
yield  2-4%  chlorine 

3.  Wet  Oxidation  in  pyrogenic  steam  at  1473  K 

The  Si  face  wafers  were  oxidized  for  50  minutes  and  the  C 
face  for  10  minutes,  in  order  to  obtain  comparable  oxide 


(OOOl ) 

I 


Fig.  I.  The  silicon  carbide  crystal  structure,  and  the  definition  of  the  ((WOl) 
silicon  face  and  the  (OOOl)  carbon  face.  (Figure  taken  from  Ref  [4]) 
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thicknesses.  After  oxidation  an  anneal  was  performed  in 
nitrogen  for  60  minutes  at  the  same  temperature  as  the  oxi¬ 
dation,  in  the  same  furnace.  The  n-type  and  p-type  samples 
were  oxidized  simultaneously,  and  silicon  (100)  samples 
were  used  as  control  wafers  to  monitor  the  oxidation 
process.  The  oxide  thickness  was  measured  using  ellip- 
sometry,  with  a  wavelength  of  632.8  nm  and  an  incident 
angle  of  70°  (the  index  of  refraction  for  SiC  was  assumed  to 
be  2.636),  see  results  in  Table  I. 

The  gate  electrodes  were  formed  by  depositing  450  nm 
polysilicon  in  a  LPCVD  process,  and  doped  using  POCI3, 
followed  by  e-gun  evaporated  aluminum  to  a  thickness  of 
200  nm.  Standard  photolithography  was  used  to  pattern  the 
gates.  Wet  etching  in  phosphoric  acid  was  used  to  etch  the 
aluminum,  and  the  polysilicon  was  dry  etched  in  CF4  at 
ISmTorr  pressure.  Circular  contacts  with  diameters  of 
100  pm,  200  pm,  400  pm  and  1000  pm  were  thus  formed.  The 
sample  backsides  were  coated  with  aluminum  (p-type)  and 
nickel  (n-type).  Prior  to  electrical  characterisation  annealing 
was  performed  at  774  K  in  a  vacuum  furnace  and  at  673  K 
in  forming  gas  (Nj  with  10%  Hj). 

3.  Results 

3.1.  Oxide  thickness 

As  can  be  seen  in  Table  I,  all  oxide  thicknesses  were 
between  40  and  50  nm,  except  the  wet  oxidized  C  face 
samples  which  were  130nm  thick.  This  shows  that  oxide 
growth  at  these  temperatures  is  diffusion  limited  on  the  C 
face  and  reaction  limited  on  the  Si  face.  A  possible  explana¬ 
tion  for  the  dependence  on  crystal  face  may  be  found  when 
comparing  this  to  results  from  oxidation  of  silicon  with  dif¬ 
ferent  orientations  [12,  13].  Roughly,  fewer  bonds  per  area 
at  a  given  time  leads  to  a  higher  activation  energy,  although 
steric  hindrances  have  to  be  taken  into  account  as  well. 
Considering  oxidation  of  the  C  face,  see  Fig.  1,  it  is  seen  that 
the  silicon  atoms  will  display  three  available  bonds  on  the 
face  that  is  being  oxidized,  whereas  on  the  Si  face  the  silicon 
atoms  display  only  one  bond.  This  is  in  qualitative  agree¬ 
ment  with  measurements  of  the  activation  energy  for  oxida¬ 
tion,  26  and  80kcal/mol  for  C  face  and  Si  face  respectively 
[14,  15],  and  explains  why  oxide  grows  faster  on  the  C  face. 

3.2  Electrical  characterisation 

Capacitance-voltage  measurements  were  made  at  room  tem¬ 
perature  and  in  darkness  using  a  HP4280A  CV-meter  with 
1  MHz  measuring  frequency.  Voltage  sweeps  were  made 
from  inversion/depletion  to  accumulation,  in  equilibrium, 
and  from  accumulation  back  to  inversion/depletion.  Some 
hysteresis  was  seen  when  the  gate  voltage  was  swept  in  both 
directions,  see  Fig.  2,  which  may  be  explained  by  charge 
injected  into  slow  traps  during  the  equilibrium  sweep.  To 
ensure  that  the  series  resistance  was  of  minor  importance, 
the  oxide  capacitance  of  100  pm,  200  pm,  400  pm  and 
1000  pm  diameter  capacitances  was  measured  and  found  to 
scale  with  the  gate  area.  CF-curves  for  the  different  oxides 
with  400  pm  diameter  polysilicon  gates  can  be  seen  in  Figs 
2-5,  with  capacitance  values  normalised  to  that  of  the  oxide 
(200  pm  gates  were  measured  as  well,  and  the  curves  were 
similar  but  noisier).  Theoretical  curves  were  calculated  using 
the  method  by  Brews  [16],  with  oxide  thickness,  gate  area 
and  substrate  doping  as  input  parameters.  The  work- 


Fig.  2.  Normalised  capacitance  vs.  gate  voltage  curves  for  n-type  silicon 
face  SiC  MOS  capacitors.  The  gate  area  is  1.3  •  10"  ^cm^.  The  hysteresis 
displayed  when  the  gate  voltage  was  swept  in  both  directions  is  attributed 
to  injected  charge.  Arrows  indicate  the  voltage  sweep  direction. 


function  difference  between  gate  and  semiconductor, 
however,  was  set  to  OeV.  Separate  theoretical  curves  were 
obtained  for  the  dry  (50  nm)  and  wet  oxides  (130  nm)  on  the 
C  face  (Fig.  4). 


Fig.  3.  Normalised  capacitance  vs.  gate  voltage  curves  for  n-type  silicon 
face  SiC  MOS  capacitors.  The  gate  area  is  1.3  •  10"  ^cm^. 


Fig.  4.  Normalised  capacitance  vs.  gate  voltage  curves  for  n-type  carbon 
face  SiC  MOS  capacitors.  The  gate  area  is  1.3  •  10"  ^cm^. 
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Fig.  5.  Normalised  capacitance  us.  gate  voltage  curves  for  p-type  silicon 
face  and  carbon  face  SiC  MOS  capacitors.  The  gate  area  is  1.3  •  10"  ^cm^. 

The  oxide  thickness  measured  by  ellipsometry  agreed  well 
with  the  oxide  thickness  which  was  calculated  from  the 
oxide  capacitance  measured  in  accumulation,  except  for  the 
p-type  C  face  oxides.  In  this  case  the  series  resistance  was 
too  high  for  accurate  measurement  of  the  oxide  capacitance, 
see  Fig.  5.  This  problem  has  recently  been  reported  by 
Ouisse  et  al.  [9],  with  the  remedy  of  measuring  at  low  fre¬ 
quencies.  The  low  capacitance  part  of  all  the  curves  do  not 
display  complete  inversion  if  compared  to  the  theoretical 
curves.  Instead  deep  depletion  occurs,  which  may  be  attrib¬ 
uted  to  the  wide  energy  bandgap  of  silicon  carbide,  with  the 
resulting  low  thermal  generation  of  minority  carriers.  This 
has  been  reported  previously  in  literature  [8, 15, 17]. 

From  the  large  flatband  voltage  shifts  in  the  curves  in 
Figs  2-5  the  fixed  oxide  charge  can  be  estimated  to  be 
between  10^^  and  10^^ cm"^  which  is  extremely  high.  From 
Figs  3  and  4  it  can  be  seen  that  the  wet  oxides  display  a 
smaller  flatband  voltage  shift  than  the  dry  oxides  on  n-type 
substrates,  but  this  effect  is  less  obvious  on  the  p-type.  Fig. 
5.  The  region  with  a  large  slope  (onset  of  depletion)  is  a 
good  indication  of  surface  states  when  different  curves  with 
the  same  oxide  thickness  are  compared.  The  larger  the  slope 
is,  the  less  interface  states  are  present.  In  Figs  3-5  the  dry 
oxidation  with  added  TCA  displays  less  surface  states  than 
a  standard  dry  oxide.  The  wet  oxide  on  n-type  Si  face  (Fig. 
3)  also  exhibits  some  possible  surface  states. 

The  oxides  were  unfortunately  very  leaky,  especially  the 
p-type  oxides,  which  made  CF-measurements  difficult  to 
perform.  Consequently,  proper  breakdown  field  measure¬ 
ments  of  the  oxides  could  not  be  undertaken.  Even  at  100 
Volts  some  oxides  would  not  break,  since  the  leakage 
current  was  around  1  pA.  However,  since  CF-measurements 
could  be  made  at  high  gate  voltages,  the  breakdown  was 
approximated  to  8-10  MV/cm,  which  is  high  enough  for 


MOSFETs  (although  the  leakage  itself  causes  failure).  The 
leakage  may  in  part  be  caused  by  high  amounts  of  alumin¬ 
um  in  the  oxides,  which  has  been  seen  with  Secondary  Ion 
Mass  Spectrometry  [10]. 

4.  Conclusion 

Four  different  silicon  carbide  samples  have  been  thermally 
oxidized.  The  difference  in  oxidation  rate  of  the  C  face  and 
the  Si  face  may  be  explained  by  the  number  of  available 
silicon  bonds  on  respective  crystal  face.  The  oxides  have 
been  characterized  using  capacitance-voltage  measurements 
at  room  temperature.  It  was  found  that  wet  oxidation  on 
n-type  results  in  less  oxide  charge,  but  possibly  with  a 
higher  density  of  surface  states.  Oxides  on  p-type  were  diffi¬ 
cult  to  characterize,  especially  on  the  C  face  wafers. 
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Abstract 

Strain  relaxation  in  Si,  _^Ge^  epitaxial  layers  is  investigated  after  the  reac¬ 
tion  of  Co  and  Pt  with  strained  SiGe  alloy.  The  epitiaxial  SiGe  alloy 
studied  has  a  Ge  fraction  ranging  between  x  =  5%  to  22%.  The  strain  in 
the  Sij.jGe,  is  evaluated  using  multi-crystal  high  resolution  x-ray  diffrac¬ 
tion  mapping  in  reciprocal  space  (MC-HRXRD).  The  results  show  that  for 
Co  in  order  to  keep  the  strain  in  Si,  -^^Ge,,  unaffected,  a  sacrificial  Si  layer 
is  needed.  The  direct  reaction  of  40nm  Co  on  Si^  gGe,, ,  can  lead  to  defect 
formation  and  40%  strain  relaxation.  This  is  in  contrast  to  Pt/Si,_,Ge;, 
reaction,  where  negligible  relaxation  was  observed. 

1.  Introduction 

Silicides  have  been  used  both  as  highly  conductive  layers 
and  for  their  rectifying  property  in  different  devices,  includ¬ 
ing  Schottky  diodes,  bipolar  transistors,  metal  base  tran¬ 
sistors,  and  infrared  sensors  [1-5].  Moreover,  strained 
Sii_,Ge„  epitaxial  layers  offer  the  possibility  of  band-gap 
engineering  according  to  the  used  Ge  fraction  x.  This 
strained  alloy,  if  combined  with  a  silicide,  will  lead  to  new 
heterostructures  which  is  of  great  technological  interest. 
Properties  ranging  from  metallic  to  semiconducting  state 
are  offered  by  silicides.  An  example  of  this  technological 
interest  is  the  application  of  the  such  heterostructure  for 
infra-red  detectors.  It  is  well  known  that  infrared  radiation 
is  transparent  in  air  in  two  windows.  These  are  3-5  pm  and 
8-12  pm  wave  lengths.  Usually  this  radiation  is  detected 
through  a  Schottky  barrier  diode  (SBD),  which  is  a  barrier 
between  a  metal  and  p-type  Si.  The  silicide  -  p  type  silicon 
has  a  relatively  low  Schottky  barrier  height,  so  when  infra¬ 
red  radiation  is  shined  on  such  diodes,  holes  will  get  enough 
energy  to  overcome  this  barrier  and  a  photon  induced 
current  can  result  from  this  process.  No  SBD  which  can  be 
used  to  detect  infra-red  radiation  on  both  windows  in  the 
silicide  -  silicon  system  was  possible  to  achieve.  The 
Schottky  barrier  height  Op  on  p  type  semiconductor  is  given 
by  the  following  relation : 

=  qXs  +  Eg-  qOn,  (1) 

Where  Xs  Eg  are  the  electron  affinity  and  energy  gap  of 
the  semiconductor,  respectively,  and  4>,„  is  the  work  function 
of  the  metal.  Since  the  electron  affinities  of  silicon  and  ger¬ 
manium  are  very  close  in  magnitude,  electron  affinity  of 
SiGe  is  expected  to  be  very  close  to  that  of  silicon  and  ger¬ 
manium.  So  a  smaller  Eg  will  lead  to  a  decrease  of  the 
barrier  height  and  consequently  lead  to  the  possibility  of 
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detecting  long  wave  lengths,  which  was  difficult  to  achieve 
in  the  silicide  -  silicon  structure. 

Among  the  different  silicides,  CoSi2  and  NiSi2  are  prom¬ 
ising  candidate  for  Si-based  heterostructure  future  devices, 
since  they  have  a  cubic  lattice  structure  with  small  lattice 
mismatch  to  silicon  and  hence  the  possibility  of  epitaxial 
growth  on  Si.  Another  important  silicide  is  PtSi,  since  it  has 
been  of  interest  when  combined  with  p-type  SiGe  for  infra¬ 
red  detectors.  The  reaction  of  Pt  with  strained  SiGe  alloys 
has  been  studied  from  phase  formation  point  of  view  but  no 
data  has  been  given  about  the  strain  state  following  the 
reaction  of  Pt  with  strained  Sii-^-Ge,  [6].  In  all  devices  that 
employ  a  silicide/strained  SiGe  alloy  the  strain  should  be 
carefully  preserved  in  order  to  optimize  the  device  per¬ 
formance,  since  relaxation  of  the  strain  will  progress 
through  misfit  dislocations  that  degrade  device  performance 
in  addition  to  the  fact  that  the  band  gap  of  the  partially 
relaxed  SiGe  alloy  will  differ  from  that  of  the  strained  SiGe 
alloys. 

In  this  paper,  we  investigate  the  strain  properties  of 
Co/SiGe  and  Pt/SiGe  after  thermal  treatment  using  MC- 
HRXRD  reciprocal  space  mapping.  The  strain  in  the  SiGe 
layer  is  carefully  investigated  before  and  after  the  reaction  of 
Co  and  Pt  with  the  SiGe  alloy. 

2.  Experimental 

On  two  3  inch  p-Si((X)l)  substrates  (samples  Cl  and  C2) 
SiGe  alloy  was  grown  by  silicon  molecular  beam  epitaxy 
(Si-MBE)  in  a  VG  V  —  80  UHV  system  having  a  base  pres¬ 
sure  of  5  X  10““Torr.  The  MBE  system  and  growth  pro¬ 
cedures  have  been  described  previously  [8,  9].  The  intended 
structure  has  a  Si  buffer  layer  and  400  nm  Sio.gGco  ,  layer. 
This  was  followed  by  the  growth  of  a  thin,  lightly  doped 
n-Si  layer  (60  nm)  on  sample  Cl.  The  substrates  were  then 
removed  from  the  MBE  chamber.  This  was  followed  by 
sputtering  40  nm  Co  (in  sample  Cl  and  C2)  and  a  sub¬ 
sequent  rapid  thermal  process  (RTP)  anneal  in  N2  for  40 
seconds.  This  choice  of  this  annealing  regime  is  due  to  the 
fact  that  it  is  a  standard  regime  for  the  CoSi2  formation.  In 
a  third  lightly  doped  n-Si(001)  substrate  (sample  C3),  Co 
was  implanted  with  a  dose  of  2  x  lO^^cm”^  and  an  energy 
of  200  keV  followed  by  a  900  °C  anneal  for  5  minutes.  This 
resulted  in  an  approximately  700  A  thick  CoSi2  buried  layer. 
Then  Sio  gGeo.i  was  grown  on  top  of  this  buried  CoSi2 
layer.  Another  set  of  Si,  -;cGe^  samples  with  x  =  0.56%- 
22.4%  (samples  C4-C7),  were  grown  in  a  Balzers  UMS  360 
MBE  system  having  a  base  pressure  of  5  x  10”^^ Torr.  The 
growth  procedures  and  the  chamber  description  can  be 
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Fig.  I.  A  2-D  reciprocal  space  map  of  a  strained  Si,,  gGe,,  i  layer  obtained 
around  the  [113]  diffraction.  The  CoSij  was  formed  from  a  sacrificial  Si 
layer  on  top  of  the  strained  Sio  gGeo  j  layer  (sample  Dl).  The  insert  is  a 
schematic  diagram  of  the  fabricated  structure  before  the  RTA  stage. 


Fig.  3.  A  2-D  reciprocal  space  map  of  a  partially  relaxed  Sio.gGeo.i  layer 
obtained  around  the  [113]  diffraction.  The  sample  contains  a  buried  CoSij 
layer  (sample  D3).  The  insert  a  high  resolution  (004)  rocking  curve  showing 
the  Si,  SiGe,  and  the  CoSi^  peaks. 


SIGe 

Si 


found  elsewhere  [7].  Platinum  was  sputtered  to  a  thickness 
of  30  nm  on  this  set  of  samples  and  annealed  at  350  °C  in  Ar 
ambient  for  30  minutes.  At  this  annealing  temperature,  PtSi 
is  expected  to  be  formed. 

Strain  investigation  of  the  two  sets  of  samples  was  per¬ 
formed  by  multi-crystal  high  resolution  X-ray  diffraction 
(MC-HRXRD)  mapping.  The  multi-crystal  high  resolution 
diffractometer  has  a  15  times  better  instrumental  resolution 
compared  to  double  crystal  high  resolution  diffractometer, 
and  it  can  detect  a  relative  lattice  parameter  variation  of  a 
layer  with  respect  to  the  substrate  in  the  range  of  10“ In 
this  work  we  have  used  a  Philips  MRD  diffractometer 
which  have  a  Bartels  4-crystal  monochromator  using 
Ge(220)  crystals  to  collimate  the  Cu-radiation  incident  beam 
to  12  arc  sec  divergence  angle.  The  diffracted  beam  was  also 
collimated  to  12  arc  sec  by  another  two  crystal  Ge(220)  col- 


Fig.  2.  A  2-D  reciprocal  space  map  of  a  partially  relaxed  Si,,  gGe^  ,  layer 
obtained  around  the  [113]  diffraction.  The  CoSij  was  formed  directly  on  a 
strained  Sig  gGe,, ,  layer  (sample  D2).  The  insert  is  a  schematic  diagram  of 
the  fabricated  structure  before  the  RTA  stage. 


Table  I.  Calculated  relative  lattice  parameter  variation  in  the 
parallel,  perpendicular,  and  the  relaxation  factor  (R)  of  the 
SiGe  for  the  as  grown  and  the  thermally  treated  case  for  the 
different PtlSiy^ffje,^  samples 


Sample 

f 

•par. 

fper. 

R 

C4  (5.6%  Ge) 

As  grown 

2.6  X  10-5 

4.0  X  10-5 

1.1  X  10-5 

30  nm  Pt,  350  °C  30  min. 

7.1  X  10-5 

3.8  X  10-5 

1.2  X  10-5 

C5  (10.5%  Ge) 

As  grown 

1.7  X  10-5 

7.3  X  10-5 

4.2  X  10-5 

30  nm  Pt,  350  °C  30  min. 

7.7  X  10-5 

7.4  X  10-5 

1.8  X  10-5 

C6  (15.5%  Ge) 

As  grown 

5.0  X  10-5 

1.1  X  10-5 

8.3  X  10-5 

30  nm  Pt,  350  °C  30  min. 

6.5  X  10-5 

1.1  X  10-5 

5.6  X  10-5 

C7  (22.4%  Ge) 

As  grown 

5.0  X  10-5 

1.6  X  10-5 

5.7  X  10-5 

30  nm  Pt,  350  °C  30  min. 

1.1  X  10-* 

1.5  X  10-5 

2.3  X  10-5 

Substrate  peak 


(001) 


Layer  peak 


2020 
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Fig.  4.  A  2-D  reciprocal  space  map  of  strained  SiGe  (22.4%  Ge)  layer 
obtained  around  the  [113]  diffraction.  The  Pt  was  reacted  directly  on  the 
SiGe  alloy.  The  insert  is  the  final  structure  before  the  thermal  treatment. 
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limator.  The  most  useful  pair  of  angular  scans  for  mapping 
is  a  combination  of  an  co  scan  and  a  coupled  cw-2©  scan  (co 
and  2©  are  the  angles  of  the  sample  surface  and  the  diffract¬ 
ed  beam,  respectively,  relative  to  the  incident  beam 
direction).  In  a  reciprocal  lattice  map,  an  co-scan  probes  the 
orientation  variations  for  a  defined  interplanar  spacing, 
while  an  co-2©  scan  probes  interplanar  spacing  variations 
for  the  same  orientation  [12].  By  recording  the  co  and  2© 
values  for  the  layer  and  substrate  peak  positions  in  the  map, 
the  relative  variation  of  the  layer  and  substrate  lattice  con¬ 
stant  parallel  and  perpendicular  to  the  sample  surface,  the 
lattice  mismatch  of  a  layer  with  respect  to  the  substrate,  in 
addition  to  the  relaxation  factor  can  be  calculated  [10,  11]. 
The  advantage  of  two  dimensional  reciprocal  space 
mapping  as  well  as  the  limitation  of  the  multi-crystal  X-ray 
diffractometer  can  be  found  elsewhere  [12]. 

3.  Results 

In  order  to  probe  the  relative  lattice  variation  of  a  layer 
parallel  and  perpendicular  to  the  growth  direction,  and 
hence  investigate  the  strain  state  of  that  layer,  it  is  useful  to 
use  an  asymmetric  reflection.  We  have  used  for  all  measure¬ 
ments  the  (113)  reflection  which  is  a  convenient  reflection 
from  a  geometrical  point  of  view.  Figure  1  shows  the 
reciprocal  space  map  of  sample  Cl.  As  it  is  clear  from  the 
alignment  of  the  substrate  and  layer  peaks  along  the  (001) 
growth  direction,  the  SiGe  alloy  remains  strained  after 
forming  the  CoSij  from  the  sacrificial  Si  layer.  The  calcu¬ 
lated  relaxation  factor  for  this  case  was  7  x  10”^,  which  is 
below  the  0.02  detection  limit.  From  the  shape  of  the  iso¬ 
intensity  contours  it  is  also  clear  that  no  defects  have  been 
created  in  this  case  since  the  ratio  of  the  full  width  at  half 
maxima  (FWHM)  of  the  layer  and  the  substrate  peaks  in 
the  (0  scan  direction  is  very  close  to  unity.  For  the  case  of 
the  direct  sputtering  of  Co  on  the  SiGe  alloy  (sample  C2), 
Fig.  2  indicates  a  partially  relaxed  alloy  with  presence  of 
misfit  dislocations.  The  relaxation  factor  calculated  in  this 
case  was  0.59  which  is  about  60%  relaxation,  and  the  ratio 
of  the  FWHM  of  the  layer  and  the  substrate  peaks  in  the  co 
scan  direction  is  10.  In  the  case  of  the  ion  implanted  buried 
CoSi2,  Fig.  3  demonstrates  the  fact  that  the  buried  CoSi2 
has  a  defected  top  Si  layer  which  lead  to  a  partially  relaxed 
SiGe  later  with  a  relaxation  factor  of  0.4,  and  a  SiGe  peak 
20  broader  at  FWHM  than  the  substrate  peak  in  the  co  scan 
direction.  From  the  angular  position  of  the  buried  CoSi2 
peak,  a  value  of  1.17%  lattice  mismatch  to  Si  was  calcu¬ 
lated.  This  is  in  consistence  with  the  standard  1.2%  mis¬ 
match  of  CoSi2  to  Si.  Figure  4  shows  the  (113)  reciprocal 


space  map  of  sample  C7  (22.4%  Ge).  As  it  is  clear  that  the 
SiGe  layer  remains  strained,  since  the  layer  and  substrate 
peaks  are  vertically  aligned  along  the  (001)  growth  direction. 
However,  the  scattered  low  intensity  contours  of  the  layer 
peak  indicates  a  locally  defected  region  on  the  SiGe  top 
surface.  Table  I  gives  the  relaxation  factor  (R),  the  relative 
variation  of  the  layer  (SiGe)  lattice  parameter  in  the  parallel, 
and  the  perpendicular  directions  for  all  the  Pt/Sii_,jGe, 
case  (C4-C7)  as  grown  and  after  the  reaction  of  Pt  with  the 
SiGe  alloy.  The  small  variation  of  lattice  parameter  between 
the  as  grown  structures  and  the  thermally  treated  case  indi¬ 
cates  that  all  the  SiGe  alloy  structures  (x  =  5.6%-22.4%) 
remains  essentially  strained  after  the  reaction  with  Pt  fol¬ 
lowed  by  the  350°C-30min.  low  temperature  annealing 
regime. 


4.  Conclusion 

In  conclusion,  the  strain  in  Co/Si i_,Ge^  and  Pt/Sii_^Gej. 
reactions  following  temperature  regimes  appropriate  for  the 
formation  of  CoSi2  and  PtSi  is  investigated.  It  is  clear  that 
the  two  metals  react  differently  with  SiGe  alloys.  The  strain 
analysis  presented  here  seems  to  be  consistent  with  pre¬ 
viously  depth  profile,  and  phase  transformation  data  pre¬ 
sented  in  the  literature.  It  has  been  shown  before,  that  in  the 
case  of  Co  reaction  with  Sii_,cGe^  alloys,  the  reaetion  yields 
a  CoSi2_,jGe,(  compound  coexisting  with  Sii_j,Gej,  alloy. 
While,  in  the  case  of  Pt,  and  at  this  annealing  temperature  a 
uniform  reacted  layer  containing  a  mixture  of  PtjSi  and 
Pt2Ge  is  produced. 
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Abstract 

Copper  germanide  (CujGe)  has  received  interest  in  recent  years  as  a  poten¬ 
tial  metallization  for  VLSI  applications  due  to  its  exceptionally  low  room 
temperature  resistivity.  We  have  investigated  the  thermal  stability  of 
CujGe  thin  films  on  both  silicon  and  thermally  oxidized  silicon  wafers. 
Films  were  deposited  by  electron  beam  evaporation  of  sequential  layers  of 
Ge  and  Cu  and  exposed  to  an  annealing  schedule  ranging  from  100  °C  to 
450  °C.  Secondary  ion  mass  spectrometry  (SIMS)  analysis  has  revealed  an 
interaction  of  the  film  with  the  silicon  substrate.  At  temperatures  as  low  as 
200  °C,  diffusion  of  silicon  into  the  copper  germanide  film  was  observed 
with  the  concentration  and  depth  of  penetration  scaling  with  increased 
annealing  temperature.  Results  on  controlling  this  interaction  will  also  be 
presented  and  correlation  is  made  with  resistivity  measurements. 

1.  Introduction 

Recent  reports  in  the  literature  have  described  a  low  resis¬ 
tivity  compound  of  CujGe  and  proposed  it  as  a  possible 
candidate  for  use  as  an  interconnect  or  contact  metallization 
in  silicon-based  VLSI  technology  [1,  2].  Although  numer¬ 
ous  investigations  involving  copper-silicon  reactions  have 
been  conducted  [3-8],  far  fewer  have  been  carried  out  in  the 
copper-germanium  system  [5,  8].  Additionally  we  are  aware 
of  only  one  systematic  study  of  the  interaction  of  silicon 
with  copper  germanium,  however,  this  was  in  the  presence 
of  excess  copper  [8].  In  this  study,  we  have  examined  the 
temperature  stability  of  stochiometric  layers  of  CujGe  in 
the  presence  of  silicon  to  determine  the  resistance  of  the 
films  to  siUcon  penetration  in  the  temperature  range  of 
100°Cto450°C. 

2.  Experimental 

CusGe  thin  films  were  formed  via  e-beam  evaporation  of 
sequential  layers  of  Cu  and  Ge  deposited  onto  substrates 
held  at  room  temperature  at  a  rate  of  0.4  nm/sec.  The  sub¬ 
strates  consisted  of  silicon  (100)  wafers  and  thermally  oxi¬ 
dized  silicon  wafers.  All  substrates  were  solvent  cleaned 
prior  to  loading  into  the  vacuum  chamber  with  the  silicon 
substrates  receiving  a  diluted  HF  strip  as  well.  The  system 
base  pressure  was  less  than  3  x  10“^Torr  and  during  the 
evaporation  was  less  than  1  x  10“*Torr.  Stochiometric 
films  were  formed  from  elemental  films  whose  thicknesses 
were  calculated  assuming  bulk  densities.  The  thickness  of 
the  films  was  240  nm  and  in  order  to  assess  the  reactivity 
with  the  substrate,  the  multilayer  films  were  fabricated  with 
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both  copper  and  germanium  in  direct  contact  with  the 
silicon  substrate.  Anneals  were  performed  in  either  vacuum 
or  in  a  tube  furnace  continuously  purged  with  nitrogen.  The 
annealing  time  in  all  cases  was  30  minutes. 

Material  characterization  of  the  films  was  performed  by 
Secondary  Ion  Mass  Spectrometry  (SIMS)  utilizing  a 
Cameca  IMS  4f  microanalyzer.  A  primary  sputtering  beam 
of  5.5  keV  O2  ions  was  rastered  over  an  area  with  a  size  of 
2(X)  X  200  pm^,  and  positive  secondary  ions  were  collected 
from  the  central  region  (diameter  approximately  60  pm)  of 
the  sputtered  crater.  Sheet  resistance  measurements  were 
made  using  a  standard  four  point  probe.  Film  thicknesses 
were  determined  using  a  Tencor  Alpha  Step  200  surface 
stylus  profilometer. 

3.  Results 

Figures  1  and  2  show  the  profiles  from  copper  germanide 
films  formed  at  100  °C  and  150  °C  for  30  minutes,  respec¬ 
tively.  Here  the  germanium  layer  was  in  direct  contact  with 
the  silicon  prior  to  the  anneal.  In  both  cases  the  observed 
silicon  signal  in  the  bulk  of  the  film  is  more  than  four  orders 
of  magnitude  less  than  the  copper  and  germanium  signals, 
indicative  of  the  resistance  of  the  films  to  the  penetration  of 
silicon.  The  uniformity  of  the  copper  and  germanium  signals 
after  a  150°C  anneal  is  consistent  with  the  formation  of 
Cu3Ge  as  this  is  the  only  phase  known  to  form  in  this  tem¬ 
perature  regime  [5].  In  Fig.  3,  a  150  °C  annealed  film  where 
copper  was  in  direct  contact  with  the  substrate  is  shown 
with  no  evidence  of  silicon  penetration  observed. 


Fig.  1.  SIMS  profiles  of  copper  and  germanium  layers  after  a  100  °C 
anneal  for  30  minutes.  The  non-uniformity  in  the  copper  and  germanium 
signals  is  representative  of  incomplete  reaction  of  the  layers.  The  layering 
sequence  had  germanium  in  direct  contact  with  the  silicon. 
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Fig.  2.  SIMS  profiles  after  a  150  °C  anneal.  The  uniform  copper  and  ger¬ 
manium  signals  are  indicative  of  the  completed  reaction  of  the  layers  to 
form  CujGe.  The  layering  sequence  had  germanium  in  direct  contact  with 
the  silicon. 
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Fig.  5.  Sheet  resistance  measurements  on  films  formed  from  the  layering 
sequence  with  germanium  in  contact  with  either  silicon  or  thermally 
formed  silicon  dioxide.  Note  that  the  point  at  600  °C  is  scaled  down  by  a 
factor  of  1000. 


Results  from  sheet  resistance  measurements  as  a  function 
of  annealing  temperature  are  shown  in  Figs  4  and  5  for  both 
copper  and  germanium  in  contact  with  the  substrate. 
Regardless  of  the  stacking  arrangement,  a  plateau  in  the 
sheet  resistance  is  observed  for  temperatures  in  excess  of 


Time  (s) 

Fig.  3.  SIMS  profiles  after  a  150°C  anneal  with  the  layering  sequence 
having  copper  in  contact  with  the  silicon. 


150  °C  which  agrees  favorably .  with  the  SIMS  results  for 
CujGe  formation;  however,  an  increase  in  resistivity  is 
observed  to  occur  in  the  range  of  250-300  °C  for  films  where 
copper  was  deposited  directly  onto  the  silicon.  Films  with 
germanium  in  contact  with  the  silicon  displayed  an  increase 
in  resistivity  in  a  temperature  range  between  350-400  °C.  In 
the  case  of  films  deposited  on  thermal  oxide,  the  resistivity 
remained  constant  to  temperatures  on  the  order  of  450  °C 
irrespective  of  the  initial  stacking  arangement.  To  determine 
the  upper  limit  of  temperature  stability,  two  films  on 
thermal  oxide  were  annealed  at  higher  temperatures.  At 
500  °C,  the  film  begins  to  display  a  cloudy  surface,  although 
no  corresponding  change  in  resistivity  was  observed.  At 
600  °C,  however,  the  film  displayed  a  dull,  frosted  appear¬ 
ance,  and  a  sheet  resistance  beyond  the  measurement  capa¬ 
bility  of  out  four  point  probe  ( >  10®  ohm/sq.)  indicative, 
presumably  of  agglomeration  and  a  discontinuous  film. 
Agglomeration  at  this  temperature  is  not  unexpected,  as  the 
melting  point  of  CujGe  is  reported  to  be  749  °C  [8]. 

SIMS  profiling  was  then  undertaken  on  samples  annealed 
in  the  range  of  100  to  400  "C  to  determine  the  silicon 
content  of  the  films.  As  shown  in  Fig.  6,  for  films  with 
copper  initially  in  contact  with  the  substrate,  a  two  orders 
of  magnitude  increase  in  the  silicon  signal  is  observed  after  a 
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Fig.  4.  Sheet  resistance  measurements  on  films  formed  from  the  layering 
sequence  with  copper  in  direct  contact  with  either  silicon  or  thermally 
formed  silicon  dioxide. 


Fig.  6.  SIMS  profile  of  the  silicon  signal  for  films  annealed  at  various  tem¬ 
peratures  on  films  where  the  layering  sequence  had  copper  in  contact  with 
the  silicon  substrate. 
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Fig.  7.  SIMS  profile  of  the  silicon  signal  for  films  annealed  at  various  tem¬ 
peratures  where  the  layering  sequence  had  germanium  in  contact  with  the 
silicon  substrate. 

200  °C  anneal  as  compared  to  the  150°C  anneal.  In  con¬ 
trast,  a  film  with  germanium  in  contact  with  the  silicon  dis¬ 
plays  the  same  silicon  level  between  250  °C  and  300  °C 
anneal  as  shown  in  Fig.  7. 

At  higher  temperatures,  the  level  of  silicon  in  the  film  rises 
rapidly,  regardless  of  the  initial  ordering  of  the  layers,  with 
the  silicon  signal  equalling  or  even  surpassing  the  germa¬ 
nium  level. 

4.  Discussion 

From  Figs  6  and  7,  it  is  apparent  that  the  temperature  at 
which  silicon  incorporation  into  the  CujGe  begins  depends 
on  the  initial  stacking  arrangement  of  the  elemental  films. 
With  copper  in  direct  contact,  silicon  is  observed  in  the  film 
at  a  temperature  of  200  °C,  whereas,  when  germanium  is  in 
direct  contact,  the  same  level  of  silicon  occurs  between 
250  °C  and  300  °C.  Although  the  reaction  of  copper  and  ger¬ 
manium  is  completed  by  150  °C  (Fig.  2),  earlier  SIMS 
studies  on  the  formation  of  copper  silicide,  have  shown  that 
temperatures  in  excess  of  150  °C  are  required  to  form  Cu3Si 
and  a  temperature  of  200  °C  is  necessary  to  completely  react 
a  100  nm  copper  layer  with  silicon  [9].  The  lack  of  silicon  in 
our  films  annealed  at  or  below  150  °C  is  consistent  with  this 
observation.  On  the  other  hand,  XPS  studies  have  reported 
the  formation  of  an  interfacial  layer  of  a  metal  rich  CujSi- 
like  phase  during  evaporation  of  copper  at  room  tem¬ 
perature  [10].  This  phase  may  act  as  a  seed  layer  for  the 
growth  of  CujSi  resulting  in  a  lower  temperature  penetrat¬ 
ion  of  silicon  into  he  Cu3Ge  film  via  the  formation  of  Cu3Si. 
In  the  absence  of  this  phase,  a  higher  formation  temperature 
may  be  required  as  in  the  case  where  germanium  is  in 
contact  with  the  silicon.  Independent  of  this,  the  fact  that  in 
both  cases,  silicon  penetration  occurs  at  or  near  the  forma¬ 
tion  temperature  of  copper  silicide,  suggests  the  formation 
of  Cu3Si  at  the  expense  of  Cu3Ge.  The  observation  by 
d’Heurle  and  Gupta  of  free  germanium  at  the  surface  of  a 
Cu3Ge  film  in  the  presence  of  silicon  is  consistent  with  this 


view  although  the  lack  of  thermodynamical  data  makes  it 
impossible  to  confirm  [8]. 

The  sheet  resistance  of  the  Cu3Ge  films,  however,  is  not 
sensitive  to  small  amounts  of  silicon  incorporation.  Not 
until  the  silicon  content  is  within  about  10%  of  the  germa¬ 
nium  level,  does  a  rise  in  the  resistivity  appear,  an  indication 
that  if  Cu3Si  forms,  it  is  composed  of  small  inclusions  of 
Cu3Si  interspersed  in  the  Cu3Ge  film.  The  resistivity  of 
Cu3Si,  on  the  order  of  100  microhm-cm,  is  approximately 
one  order  of  magnitude  greater  than  that  of  Cu3Ge.  In  the 
case  of  thermal  oxide,  the  sheet  resistance  values  are  found 
to  be  constant  in  the  range  of  150  °C  to  500  °C,  indicating 
that  the  incorporation  of  silicon  is  not  as  severe  as  the 
silicon  substrates.  Preliminary  SIMS  analysis  of  these  films 
does  not  reveal  any  significant  silicon  at  the  front  surface 
independent  of  the  stacking  arrangement. 

5.  Conclusions 

Cu3Ge  can  be  formed  on  both  silicon  and  thermally  formed 
silicon  dioxide  at  temperatures  as  low  as  150  °C;  however, 
silicon  incorporation  is  found  in  the  Cu3Ge  films  at  tem¬ 
peratures  as  low  as  200  °C,  when  deposited  on  silicon  sub¬ 
strates.  The  temperatures  at  which  these  levels  of  silicon  are 
incorporated  are  relatively  low  when  compared  to  current 
sillicon  device  processing  temperatures.  Increases  in  resis¬ 
tivity  are  directly  correlated  to  silicon  content.  The  penetrat¬ 
ion  of  silicon  into  the  films  may  be  the  result  of  the 
formation  of  Cu3Si  at  the  expense  of  CujGe  an  indication  of 
the  higher  stability  of  the  silicide.  On  thermally  formed 
silicon  dioxide,  Cu3Ge  ceases  to  be  electrically  stable  in  the 
range  of  500  to  600  °C. 
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Abstract 

Thin  polycrystalline  films  of  FeSi  and  ^-FeSij  were  formed  by  solid  state 
reaction  with  either  boron  or  phosphorus  doped  silicon.  The  corresponding 
electrical  heterojunction  properties  were  studied  by  temperature  activated 
current-voltage  and  capacitance-voltage  analysis.  The  FeSi/Si  Schottky 
characteristics  showed  that  the  current  transport  mechanism  was  domi¬ 
nated  by  thermionic  emission  across  the  interfaces  for  both  n-  and  p-type 
silicon  substrates.  Indications  of  recombination  through  deep  levels  was 
only  detected  for  n-type  silicon  measured  by  current-voltage  at  low  tem- 
perartures.  The  Schottky  barrier  heights  of  FeSi  were  estimated  to 
0.68  + 0.03 eV  and  0.40  +  0.03 eV  at  OK  for  respectively  n-  and  p-type 
silicon.  The  Schottky  barrier  was  observed  to  be  pinned  to  the  silicon 
valence  band.  The  formation  of  ^-FeSij  produced  current  transport  charac¬ 
teristics  with  ideality  factors  of  about  1.02-1.05  on  both  n-  and  p-type 
silicon  indicating  no  recombination  through  deep  levels  inside  the  silicon 
depletion  layer.  The  CV  results  on  p-type  silicon  strongly  showed  the  pres¬ 
ence  of  shallow  defects  or  neutral  complex  formation. 

1.  Introduction 

The  semiconducting  phase  of  iron  disilicide,  )S-FeSi2,  has 
been  shown  to  be  a  suitable  material  for  a  future  light  emit¬ 
ting  silicon  device  [1].  The  band  structure  indicates  a  direct 
transition  of  about  0.85-0.89  eV  [2-6],  and  therefore  con¬ 
sidered  ideal  as  a  material  in  an  opto-coupler  for  fibre  com- 
inunication.  To  date  only  a  few  publications  [6-10]  have 
been  reported  on  the  electrical  transport  properties  across 
iron-silicide-silicon  junctions.  Epitaxial  j?-FeSi2/n-Si  and  fi- 
FeSi2/p-Si  diodes  investigated  by  Lefki  et  al.  [6]  showed 
non-rectifying  behaviour  due  to  large  non-ideal  leakage  cur¬ 
rents.  The  epitaxial  /S-FeSi2/n-Si  diodes  studied  by  Regolini 
et  al.  [7],  formed  by  selective  chemical  vapour  deposition, 
showed  rectifying  behaviour  but  with  diode  ideality  factors 
as  large  as  3.  Regolini  also  studied  ^-FeSi2/p-Si  diodes 
which  showed  ohmic  behaviour.  Radermacher  et  al.  [8] 
studied  the  electrical  behaviour  of  ion  beam  synthesised 
buried  metallic  a-FeSi2/n-Si  diodes  and  obtained  ideality 
factors  of  1.4.  Dimitriadis  [9]  investigated  polycrystalline  /?- 
FeSij/n-Si  diodes  formed  by  solid  state  reaction  at  850  °C  in 
H2  atmosphere  and  concluded  that  current  was  dominated 
by  multistep  tunnelling  via  deep  levels.  Early  investigations 
of  iron  deposited  on  clean  vacuum  cleaved  silicon  showed 
IV  ideality  factors  of  1.17-1.70  [11].  These  investigations  all 
show  the  presence  of  non-ideal  currents  across  the  silicide- 
silicon  junction.  Since  iron  is  known  to  have  a  high  impurity 
diffusivity  [12]  and  to  act  as  a  deep  level  impurity  in  both  n 
and  p-type  silicon  [13],  the  question  to  ask  is  whether  the 
presence  of  iron  at  elevated  temperature  induces  these 
defects  of  if  they  may  be  related  to  the  fabrication  method 
used.  High  quality  beta  iron  silicide  contacts  to  n-type 
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silicon  are  crucial  for  the  fabrication  of  the  light  emitting 
device  where  electrons  are  injected  from  silicon  to  silicide, 
therefore  making  it  necessary  to  evaluate  how  iron  affects 
current  transport  in  n-type  silicon.  The  close  proximity  of  n- 
and  p-type  regions  in  modern  VLSI  techniques  also  makes 
it  vital  to  investigate  the  iron  influences  on  p-type  silicon. 

In  this  investigation  the  electrical  transport  properties 
were  studied  for  the  metallic  iron  monosilicide  (FeSi)  and 
the  transport  ideality  for  the  semiconducting  het¬ 

erojunctions  to  n-  and  p-type  silicon. 

2.  Experimental  procedure 

n-  and  p-type  Czochralski  silicon  (111)  substrates  were  used 
in  this  investigation.  The  p-type  samples  were  boron  doped 
to  a  resistivity  of  about  7.6  £2  cm  while  the  n-type  samples 
had  an  30  pm  thick  phosphorus  doped  9  £2  cm  epitaxial  layer 
on  Sb  doped  (10“®£2cm)  bulk  wafers.  The  samples  were 
cleaned  according  to  the  following  procedure:  5 min  in  hot 
130°C  sulphuric  acid,  5  min  in  80  °C  nitric  acid,  a  30  s  dilute 
HF  (HF :  H2O,  1  : 10)  dip  and  subsequently  ozidized  in  a 
wet  atmosphere  forming  about  800  nm  silicon  dioxide.  Stan¬ 
dard  lithographic  procedure  was  used  to  produce  circular 
openings  with  diameters  ranging  from  15  to  1000  pm.  The 
samples  were  then  cleaned  using  hot  130  °C  sulphuric  and 
80  °C  nitric  acids  with  a  final  dip  in  dilute  HF  (HF  :  H2O, 
1 : 10)  for  30  seconds  and  a  5  min  water  rinse. 

The  samples  were  immediately  loaded  into  an  electron 
beam-heated  evaporator  equipped  with  turbomolecular  and 
ion  pumps  and  evacuated  to  approximately  4  x  10“  ®  Torn 
The  pressure  increased  to  10“’  Torr  during  evaporation.  A 
33  nm  iron  and  a  5nm  silicon  cap  layer  were  sequentially 
deposited.  The  iron  and  silicon  deposition  rates  were  respec¬ 
tively  0.5  and  1  nm/s. 

The  samples  were  annealed  in  a  vacuum  furnace  in  the 
low  10“ ’Torr  range  for  one  hour  at  450 °C  to  form  FeSi, 
for  one  hour  at  650  °C  or  800  °C  to  form  )S-FeSi2.  Unre¬ 
acted  iron  on  the  oxide  areas  was  removed  by  a  5  sec  dip  in 
buffered  hydrofloric  acid  (BHF)  followed  by  wet  etching  in 
an  sulphuric  acid  mixture  for  3  min  followed  by  a  final  dip 
in  BHF  for  5  seconds.  The  samples  annealed  at  650-800  °C 
were  then  immediately  loaded  into  an  electron-beam  evapo¬ 
rator  for  contact  metallization  and  evacuated  to  10  Torr. 
About  300  nm  of  aluminium  was  evaporated  at  a  rate  of 
3  nm/s.  The  samples  were  then  finally  patterned  and  wet 
etched.  The  Al  contact  reduce  probe  contact  resistance  and 
distribute  applied  voltage  homogeneously  to  the  disilicide.  It 
does  not  itself  influence  the  IV  and  CV  measurements  [10] 
at  the  used  voltages  and  temperatures.  Rutherford  back- 
scattering  spectrometry  (RBS)  was  carried  out,  using 
2.4  Me V  “^He^  ions  with  a  sample  tilt  of  60°  with  respect  to 
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normal  incidence,  to  estimate  silicide  stoichiometry  and 
thickness.  X-ray  diffraction  (XRD)  using  CuKa  radiation 
was  also  used  to  verify  the  formed  silicide  phases.  Current 
voltage  characteristics  was  measured  between  77-300  K  in  a 
liquid  nitrogen  cryostat  using  an  HP4145B  IV-analyser. 
Schottky  barrier  height  values  for  the  iron  monosilicide 
where  determined  by  extrapolating  the  forward  current- 
voltage  characteristics  to  zero  appUed  voltage.  The  effective 
Richardson  constants  were  assumed  to  be  112  and  32A/K^ 
for  respectively  electrons  and  holes  [14].  The  slope  of  the 
linear  portion  of  the  log-current  voltage  curve  yielded  the 
value  for  the  ideality  factor  for  both  the  metal-silicon  and 
the  semiconductor-silicon  systems,  see  discussion  below.  In 
those  cases  where  a  linear  fit  could  not  be  made  over  at 
least  two  orders  of  magnitude  because  of  series  resistance 
the  extrapolation  methods  of  Lien  et  al.  [15]  were  applied. 
Capacitance  voltage  measurements  were  evaluated  in  the 
temperature  and  voltage  range  of  respectively  77-300  K  and 
0-5  V  using  an  HP  1  MHz  CV-meter. 

3.  Results  and  discussion 

3.1.  Silicide  formation 

Figure  1  shows  the  results  of  RBS  and  XRD  analysis  from 
samples  annealed  at  450  and  650  °C.  Annealing  at  800  °C 
produce  similar  RBS  results  at  650  °C.  RBS  stoichiometry 
determination  display  the  formation  of  iron  monosilicide 
(FeSi)  at  450  °C  and  iron  disilicide  (j3-FeSi2)  at  650-800  °C. 
Using  the  densities  of  6.17  and  4.93  g/cm^  from  Nicolet  et 
al.  [16]  for  FeSi  and  ^-FeSij  respectively,  the  analysis 
showed  a  formation  of  64  nm  FeSi  and  1 1 1  nm  /S-FeSij .  The 
formed  phases  were  confirmed  by  XRD  which  also  dis¬ 
played  the  polycrystalline  nature  of  the  films. 

3.2.  Electrical  evaluation 

The  forward  logarithmic  current  voltage  il-V)  character¬ 
istics  as  a  function  of  temperature  for  samples  annealed  at 
450  °C  are  displayed  in  Fig.  2.  The  ideality  factor  n  for  tem¬ 
peratures  between  295  and  195  K  shows  a  value  below  1.05 
independent  of  temperature.  Since  fairly  high  mobility 
materials  are  used,  /i  >  lOOOcm^/Vs,  the  ideality  factor 
indicates  that  the  dominant  current  transport  mechanism  is 
due  to  thermionic  emission  (/thermionic)  [l^]-  No  evident 
voltage  dependence  of  the  ideality  factor  is  seen  in  the  linear 
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Fig.  1.  RBS  spectra  showing  the  formation  of  fully  reacted  and  stoichio¬ 
metric  FeSi  and  /S-FeSi^  after  annealing  at  450  °C  and  650  °C  respectively. 
The  inset  shows  the  corresponding  XRD  spectra. 


FORWARD  VOLTAGE  (V) 

Fig.  2.  Forward  current-voltage  characteristics  of  the  FeSi/n-Si  junction  as 
a  function  of  temperature  for  silicides  formed  at  450  °C.  The  diode  area  was 
3.14  X  10-‘‘cm^ 

portions  of  the  curves,  a  fact  that  is  more  clearly  observed 
by  evaluating  a  logarithmic  plot  of  //(I  —  exp  {— qF/fcT) 
against  V  [18].  This  result  together  with  the  temperature 
independent  ideality  factor  indicate  that  the  current  flow 
due  to  recombination  via  defect  levels  in  the  depletion 
region  (/,ec)  must  be  small.  The  deviation  of  n  from  unity 
may  be  due  to  the  image-force  lowering  or  from  interface 
effects  [18].  Below  195  K  the  ideality  factor  is  seen  to 
increase  with  decreasing  temperature,  whieh  is  probably  due 
to  the  reduction  of  the  thermionic  emission  current  causing 
an  increased  I,tclfbemiomc  ratio.  Thermionic  field  emission 
and  field  emission  are  ruled  out  because  of  the  low  doping 
level  in  the  substrates,  5  x  lO^'^cm”^,  and  because  of  the 
used  temperature  interval  [18].  The  temperature  IV  activa¬ 
tion  plot  for  thermionic  emission  behaviour,  Iq/T^  vs.  l/T, 
shown  in  Fig.  3,  results  in  a  curve  with  two  distinct  slopes, 
i.e.  activation  energies.  The  slope  of  0.68  +  0.03  eV,  in  the 
temperature  independent  region  of  n,  yields  the  barrier 
height  at  OK  according  to  the  ideal  thermionic  emission 
model  [19]. 

The  temperature  dependence  below  195  K  is  described  by 
an  activation  energy  of  0.52  ±  0.03  eV.  This  value,  approx¬ 
imately  half  the  bandgap  of  Si,  is  presumably  associated 
with  the  recombination  current  which  causes  deviation  from 
ideal  thermionic  emission  behaviour  at  low  temperatures 


Fig.  3.  Temperature  activation  IV  plot  of  the  forward  leakage  current  /q 
for  both  n  and  p-type  samples. 
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[20],  The  barrier  height  values  determined  from  IV  mea¬ 
surements  are  therefore  only  reliable  at  temperatures  above 
195  K.  This  is  observed  in  Fig.  4.  The  Schottky  barrier 
heights  determined  by  /F  is  slowly  increasing  with  decreas¬ 
ing  temperature  to  195  K.  Below  195  K  the  SBH  drops 
which  indicates  the  failure  of  the  thermionic  emission  model 
[21-22],  This  is  also  supported  by  the  CV  analysis.  The  CV 
measurements,  shown  in  Fig.  5  for  295  and  77  K,  display 
ideal  characteristics  over  the  applied  temperature  and 
voltage  range.  No  influence  of  deep  levels  were  observed. 
The  SBH  temperature  dependence  obtained  both  by  CF 
and  IV  show  a  value  of  approximately  10“^eV/K,  approx¬ 
imately  displaying  the  total  silicon  bandgap  temperature 
change.  The  forward  IV  characteristics  for  samples  annealed 
at  450 °C  for  60 min  forming  FeSi  on  boron  doped  (111) 
silicon  are  plotted  in  Fig.  6.  The  samples  display  ideality 
factors  around  1.06  independent  of  the  temperature  in  the 
range  95  to  295  K.  No  voltage  dependence  other  than  series 
resistance  could  be  observed.  The  temperature  activation  IV 
plot,  shown  in  Fig.  3,  indicates  a  single  dominant  current 
transport  mechanism.  The  Schottky  barrier  height  was 
extracted  to  0.40  +  0.03  eV  at  0  K.  The  results  indicate  that 
thermionic  emission  dominates  the  current  transport  across 
the  FeSi/p-type  silicon  interface.  The  Schottky  barrier 
heights  as  determined  from  IV  measurements  are  shown  in 


TEMPERATURE  (K) 

Fig.  4.  Temperature  dependence  of  the  FeSi  Schottky  barrier  heights  on  n- 
and  p-type  silicon. 


VOLTAGE  (V) 

Fig.  5.  Capacitance-voltage  relations  for  FeSi/Si  diodes  at  some  selected 
temperatures.  The  diode  area  was  8.4  x  10"  ^cm^. 
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FORWARD  VOLTAGE  (V) 

Fig.  6.  Forward  current-voltage  characteristics  of  the  FeSi/p-Si  junction  as 
a  function  of  temperature  for  silicides  formed  at  450  °C.  The  diode  area  was 
2  X  lO-^cm^ 

Fig.  4.  The  obtained  temperature  coefficent  of  the  barrier 
height  is  very  small.  This  together  with  the  temperature 
dependence  on  n-type  silicon  therefore  indicates  that  the 
FeSi  barrier  height  on  silicon  is  pinned  to  the  valence  band 
[23-24].  The  sum  of  the  measured  Schottky  barrier  heights 
obtained  hy  IV  for  n-  and  p-type  silicon  at  295  K  gives  a 
value  of  about  1.07  +  0.06  eV,  i.e.  a  deviation  of  less  than 
10%  from  the  bandgap  of  silicon,  and  indicate  that  the 
barrier  is  only  pinned  to  the  valence  band.  All  CF  measure¬ 
ments  on  p-type  samples  (450-800  °C)  show  a  substantial 
curvature  in  the  1/C^  vs.  V  plot,  as  seen  in  Fig.  5  which 
displays  analysis  at  250  and  94  K  for  a  silicide  formed  at 
450  °C.  This  behaviour  excluded  any  barrier  height  or  diffu¬ 
sion  potential  evaluation  from  the  CF  measurements.  The 
curvature  (about  the  same  order  for  all  formation 
temperatures)  indicates  a  reduced  effective  dopant  concen¬ 
tration  near  the  interface  in  the  order  of  5-8  x  10^‘^cm“^. 
Experiments  on  boron  redistribution  during  the  formation 
of  iron  silicides  have  shown  only  smaller  dopant  depletion 
close  (within  1000  A)  to  the  silicide  contact  [25]  and  can 
therefore  not  be  used  to  explain  the  observed  effect.  The 
temperature  independent  reduction  indicate  that  the  curva¬ 
ture  in  the  1/C^  vs.  V  plot  is  probably  due  to  carrier  trap¬ 
ping  at  a  shallow  defect  level  {T  >  77  K-*  E^  —  £.,> 
0.15eV)  or  due  to  dopant  passivation  by  formation  of  some 
neutral  iron-boron  related  complexes.  To  the  authors 
knowledge  no  neutral  iron-boron  related  complexes  has 
been  reported  to  affect  the  boron  doping  profiles  in  silicon, 
but  complexes  can  form  according  to  the  iron-boron  phase 
diagram.  The  electrically  active  iron-boron  acceptor  {E^ 

—  a  0.1  eV)  is  also  shown  to  completely  dissolve  at  tem¬ 
peratures  higher  than  400  °C  [26].  The  cause  of  the 
observed  effect  is  therefore  not  known.  The  measured  IV 
ideality  factor  show  no  signs  of  deep  levels  inside  the  deple¬ 
tion  layer.  The  observed  anomality  in  the  CF  study  may 
therefore  be  caused  by  (a)  an  electrically  neutral  iron-dopant 
complex  passivation  or  (b)  an  electrical  defect  level  at  £, 

—  E.,  ^  0.15eV  with  a  reduced  concentration  closer  to  the 
silicide  interface  not  affecting  the  forward  current  transport. 

The  forward  current-voltage  characteristics  obtained 
after  annealing  samples  at  650  °C  or  800  °C  for  Ihr  [10] 
display  very  similar  behaviour  as  the  Schottky  diodes.  At 
these  temperatures,  according  to  XRD  and  RBS,  the  Fe  film 
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TEMPERATURE  (K) 

Fig.  7.  Forward  current-voltage  ideality  factors  for  the  p-FeSiJSi  junc¬ 
tions  as  a  function  of  temperature.  Parenthesis  ()  marks  observed  ideality 
factor  voltage  dependency. 


has  been  completely  transformed  into  the  semiconducting 
^-FeSi2  phase,  producing  a  semiconductor-semiconductor 
anisotype  heterojunction.  The  reported  intrinsic  doping 
levels  in  the  as  formed  )?-FeSi2  films,  p-type  7- 
12  X  10^®cm“^  [5,  7]  are  much  larger  than  in  the  silicon 
substrate  and  the  relative  dielectric  constant  for  the  silicide 
is  about  twice  the  value  of  silicon  [3,  4].  The  diffusion 
potential  and  the  amount  of  applied  voltage  drop  on  the 
)S-FeSi2  side  of  the  heterojunction  is  then  much  smaller  than 
on  the  sihcon  side.  Using  the  resistivity  of  9  Q  cm  (a  carrier 
concentration  of  5  x  10^‘*cm“^  as  measured  by  CV)  for  the 
n-type  silicon  substrate  one  obtains  the  relative  band 
bending  and  depletion  layer  widths  to  approximately 
fb(silicide)/Fb(Si)  «  2  x  10""^  respectively  IF(silicide)/ 
IF(Si)  «  5  X  10“ It  is  therefore  a  good  approximation  to 
assume  that  all  voltage  drop  appears  within  the  silicon.  The 
current  can  then  be  expressed  as 

where  /q  is  independent  of  applied  voltage  if  it  is  determined 
by  either  diffusion  [27,  28],  thermionic  emission  [18]  or 
recombination  via  interface  states  [29,  30].  Recombination 
via  deep  levels  [31]  may  also  produce  similar  current  behav¬ 
iour  but  with  a  voltage  dependence  in  the  pre-exponential 


Fig.  8.  Capacitance-voltage  relations  for  ^-FeSij/Si  diodes  at  some  selec¬ 
ted  temperatures.  The  diode  area  was  8.4  x  10"^  cm^. 


factor.  The  measured  IV  curves,  displayed  in  reference  [10], 
for  650  °C  samples  display  low,  voltage  and  temperature 
independent  ideality  factors  over  the  range  95  to  295  K,  as 
shown  in  Fig.  7.  This  shows  that  the  recombination  current 
through  deep  defects  levels  inside  silicon  is  small.  The  influ¬ 
ence  of  recombination  is  only  observable  at  low  tem¬ 
peratures  for  the  samples  formed  at  800  °C.  Evaluation  of 
the  temperature  activation  energy  requires  some  further 
investigation  since  the  true  transport  mechanism  is 
unknown.  The  capacitance-voltage  relation  for  the  hetero¬ 
junctions  can  be  simplified  to  the  following  expression  if  in  a 
first  approximation  the  interface  states  are  neglected  [27] 
and  recalling  that  the  product  of  dielectric  constant  and 
carrier  concentration  in  the  silicide  is  much  larger  than  in 
the  silicon  substrate. 


¥■ 


(2) 


where  is  the  diffusion  potential  or  band  bending  inside 
the  silicon  region,  and  s  are  respectively  the  doping  level 
and  the  dielectric  constant  in  the  silicon  substrate.  The  ideal 
shape  of  the  1/C^  vs.  V  plot  therefore  display  a  linear 
relationship.  Fig.  8  shows  the  characteristics  for  silicides 
formed  at  650  and  800  °C.  The  650°C-sample  indicates  a 
small  nonlinearity  of  the  curve  with  the  apparent  effect  of  an 
increased  active  carrier  concentration  towards  the  bulk.  The 
anomality  may  be  caused  by  deep  defect  levels  or  by  dopant 
redistribution.  Previous  experiments  on  dopant  redistri¬ 
bution  [25]  have  indicated  only  small  disturbances  close  to 
the  interface  and  is  therefore  ruled  out.  In  the  figure  is  also 
shown  the  measurement  of  the  capacitance  at  82  K,  dis¬ 
playing  a  slightly  reduced  nonlinearity.  Formation  of  deep 
defect  levels  as  the  cause  of  this  effect  is  therefore  likely. 
Preliminary  results  have  indicated  the  formation  of  a  deep 
level  at  E^-0.3eiV  [10].  The  CV  characteristics  of  800  °C 
samples,  show  a  more  ideal  behaviour  indicating  a  reduced 
concentration  of  defects  during  reverse  biasing.  Comparing 
the  results  from  IV  and  CV  for  the  650  and  800  °C  samples 
shows  that  the  amount  of  defects  formed  far  from  the  inter¬ 
face  at  650  °C  are  reduced  when  annealed  at  800  °C,  but  the 
number  of  defects  closer  to  the  interface  has  increased. 


4.  Conclusions 

Thin  polycrystalline  films  of  FeSi  and  jS-FeSi2  have  been 
formed  by  solid  state  reaction  with  boron  or  phosphorus 
doped  silicon  and  the  corresponding  electrical  hetero¬ 
junction  properties  studied.  The  Schottky  barrier  heights 
produced  by  FeSi  were  estimated  to  0.68  + 0.03  eV  and 
0.40  +  0.03  eV  at  0  K  for  respectively  n-  and  p-type  silicon. 
The  current  transport  mechanism  across  the  FeSi/Si  junc¬ 
tion  is  dominated  by  thermionic  emission  over  a  large  tem¬ 
perature  interval  with  ideality  factors  lower  than  1.06.  The 
Schottky  barrier  was  observed  to  be  pinned  to  the  silicon 
valence  band.  The  transport  mechanism  across  the  )?- 
FeSi2/n-Si  and  p-Si  junctions  formed  at  650  °C  show  no 
signs  of  recombination  via  deep  levels  inside  the  depletion 
layer.  The  CV  results  on  p-type  silicon  strongly  indicated 
the  presence  of  shallow  defects  or  neutral  complex  forma¬ 
tion  while  the  IV  results  showed  no  indications  of  deep  level 
formation.  Similar  results  where  obtained  for  n-type  silicon 
but  with  much  less  influence  of  deep  defect  levels.  The  corre- 
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lation  of  IV  and  CV  analysis  then  indicate  that  the  electri¬ 
cally  active  defect  levels  are  depleted  in  concentration 
towards  the  silicide  silicon  interface. 
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